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METABOLISM OF N:N-DIALKYL CARBAMATES AND 
RELATED COMPOUNDS BY RAT LIVER 


ERNEST HODGSON and JOHN E. CASIDA 
Department of Entomology, University of Wisconsin, Madison, Wisconsin, U.S.A. 


(Received 19 December 1960) 


Abstract—N :N-Dimethyl-p-nitrophenyl carbamate is metabolized by an enzyme or 
enzyme system of rat liver microsomes which requires TPNH and oxygen. The resulting 
product can be extracted into organic solvents and decomposes in strong acid to yield 
formaldehyde. Its stability in alkali is intermediate between that of the substrate and 
N-methyl-p-nitropheny! carbamate. It is formed in vivo by rats and probably by certain 
insects. The rate at which this or similar systems, in vitro, will attack analogs of N:N- 
dimethyl-p-nitrophenyl carbamate with different alkyl groups is considerably reduced 
when the alkyl groups are longer than ethyl. These enzyme systems are inhibited by 
8-diethylaminoethy! diphenylpropy! acetate (SK F 525-A), by the methylene dioxyphenyl 
compounds, piperonyl butoxide and sesamex, and by N-octyl bicyc/oheptane dicar- 
boximide. The metabolism of twenty-five N:N-dimethyl carbamates and twenty-three 
related compounds was investigated. Isolan metabolism was evident when followed 
both by the formation of formaldehyde-yielding material and reduction in the ability to 
inhibit cholinesterase in vitro. Metabolism of certain other carbamates gave formalde- 
hyde-yielding materials without loss in cholinesterase-inhibiting activity. 


N-ALKYL and N:N-dialkyl carbamates are widely used as insecticides':? and as 
medicinals for the relief of myasthenia gravis and other disorders.* In both cases, the 
ultimate mode of action appears to be the inhibition of cholinesterase. It has been 
shown that cholinesterase is carbamylated by carbamyl choline, N-methyl- and 
N:N-dimethylcarbamyl! cholines*: ° and by N:N-dimethyl carbamoyl fluoride,*~* but 
not by all inhibitory carbamates.*? The relationship between structure and stability, 
activity as inhibitors of acetyl and butyryl cholinesterases, and toxicity to houseflies 
and mice have recently been studied* in a series of thirty N-alkyl and N:N-dialkyl 
carbamates. 

Only a few studies have been made on the metabolism of carbamate esterase in- 
hibitors. N-Methyl-l-naphthyl carbamate (the insecticide Sevin) and N-methyl-p- 
nitrophenyl carbamate are hydrolysed, in several mammalian and avian forms, by a 
plasma albumin fraction which can be separated from the aliphatic, aromatic and 
choline esterases.’ In a further study,? N-methyl, N-ethyl, N-propyl and N-iso- 
propyl-p-nitrophenyl carbamates were found to be hydrolysed by the same plasma 
albumin fraction, but not by arylesterase, cholinesterase, chymotrypsin, lipase, papain, 
pepsin, trypsin or egg albumin. Cholinesterase has been implicated in the hydrolysis 
of certain carbamates,* but the turnover number is so low that this cannot be con- 
sidered a major degradation mechanism. 

Of the N:N-dialkyl carbamates investigated, only the least stable of these, N:N- 
dimethyl carbamoyl fluoride, has been shown to be hydrolysed by mammalian 
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esterases.” This compound is hydrolysed in rabbit plasma by the same esterase(s) which 
hydrolyzes diisopropyl phosphoryl! fluoride, as well as by other esterases. In the liver 
these two compounds are hydrolysed by different enzymes.* It is apparent that other 
mechanisms must be involved in the degradation of dialkyl carbamates of hetero- 
cyclic and aromatic enols, as the recovery of animals treated with sub-lethal doses is 
more rapid than can be accounted for on the basis of excretion of the unchanged 
molecule.* 

The microsomes isolated from broken cell preparations of mammalian liver by 
differential centrifugation are known!'® to be the locus of activity for a large number of 
oxidative reactions involving drugs and other compounds foreign to the normal meta- 
bolism. These reactions include N-dealkylation and, in general, require'® a reduced 
pyridine nucleotide* and oxygen. An increased synthesis of the microsomal enzymes 
involved in the oxidation of a particular drug can be brought about by pretreatment 
of the animal with the drug in question or in many cases"'~"™ by other drugs, often 
with little apparent structural relationship. Remmer" has shown these enzymes to be 
associated with a microsomal particle of a particular density which contains, perhaps 
fortuitously, all the cytochrome 4, (m), a substance which is known" to be associated 
with the microsome fraction. In the case of N-dealkylation the reaction yields an 
aldehyde and the dealkylated substrate. N:N-Dialkylcarbamates have not previously 
been shown to be susceptible to this type of attack and products other than the dealkyl- 
ated substrate have not been posulated+ except in the case of such N:N-dimethy! 
phosphoramidates as octamethylpyrophosphoramide."* 

SKF 525-A and certain other phenylacetic derivatives have been shown to inhibit 
several microsomal reactions, including N-demethylation of mono-methyl-4-amino- 
antipyrine, meperidine and other alkylated amines'®: '’ and the incorporation of 
1-"*C-pL-alanine into proteins.'* 

Carbamate-resistant and -susceptible houseflies treated with methylene dioxy- 
phenyl compounds show an increased susceptibility to these toxicants,’® thus raising 
the possibility that compounds such as sesamex and piperonyl butoxide act on the 
carbamate detoxification mechanism. MGK 264 is also®® an insecticide synergist.? 
On the basis of in viro-investigations with insects, Sun and Johnson*® have suggested 
that the mode of action of the methylene dioxyphenyl synergists may be an inhibition 
of oxidative detoxification mechanisms. Piperonyl butoxide exerts a synergistic 
action® with the organophosphate, O:O-diethyl-O-(3-chloro-4-methylumbelliferone) 
phosphorothionate, when applied to mice, apparently correlated with an inhibition of 
the production of more polar metabolites. 


* The following abbreviations are used: DpNC for N N-dimethyl-p-nitrophenyl carbamate ; 
DEpNC for N:N-diethy!-p-nitropheny! carbamate; TPN for triphosphopyridine nucleotide: TPNH 
for reduced triphosphopyridine nucleotide. The following common names are used as abbreviations 
SKF 525-A for 8-diethyvlaminoethy! diphenylpropy! acetate; sesamex for the 2-(2-ethylethoxyethoxy) 
ethy!-3:4-methylene dioxyphenyl acetal of acetaldehyde: piperony! butoxide for a-(2-(2-butoxy- 
ethoxy )ethoxy)-4 :5-methylenedioxy-2-propyltoluene; MGK-264 for N-octyl bicv< loheptane dicarboxi- 
mide, When other common names are used they are followed by a number referring to the chemical 
structure given in Table 3 


* A brief outline of some of this investigation was presented as a preliminary note®* in which this 
mechanism and a new product were postulated 


; Use of this compound in the present investigation was suggested by Dr. Paul A. Dahm, Depart- 
ment of Zoology and Entomology, lowa State College, Ames, lowa. Dr. Dahm has shown (un- 
published) that this compound is an effective inhibitor of the microsomal oxidation of methy! 
parathion to methyl! para-oxon in mammals 
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MATERIALS AND METHODS 

Enzyme preparations were made as follows: 20 per cent homogenate. Male Rolfs- 
meyer rats (Madison, Wisconsin) were killed by a blow on the neck, the livers re- 
moved as quickly as possible, washed in distilled water and homogenized for 30 sec 
in ice-cold potassium phosphate buffer, pH 7-0 and 0-05 M. A Lourdes homogenizer 
was used with the variable resistor set at 30. All apparatus was precooled in ice prior 
to use. A 20 per cent homogenate was centrifuged at 15000 g for 30 min at a 
temperature of 2 °C. The supernatant fraction was designated S,, 99. and the residue 
Ris ooo. Phe former should contain microsomes and soluble constituents and the latter 
whole cells, nuclei, mitochondria and debris. S,, 999 was centrifuged at 105 000 g 
for | hr at a temperature of 2°C. The supernatant fraction was designated S, 5 ooo 
and the residue Ry 95 

With the exception of the experiments on oxygen requirements all incubations were 
carried out in 25-ml Erlenmeyer flasks on a metabolic shaker at a temperature of 37 °C. 
As the solubility of the substrates in water varied through extreme limits they were 
added to the flasks as ethanol solutions and the solvent was evaporated in a stream of 
air. 

p-Nitrophenol was determined by adding an equal volume of acetone, removing the 
precipitated protein by centrifugation, making the supernatant fraction alkaline by the 
addition of | N KOH or Na,CO, and determining the optical density at 400 my in a 
Bausch and Lomb Spectronic 20 colorimeter. Formaldehyde was determined by the 
chromotropic acid method of Frisell et a/.,” following the removal of protein by 
trichloroacetic acid precipitation and also by the method of Tanenbaum and Bricker** 
in which the reaction is carried out at pH 7-0. Appropriate controls to correct for non- 
specific absorption from the enzyme preparation and non-enzymic breakdown of 
the substrate were carried out with each experiment. 

In addition to chemical determinations of carbamate metabolic products, the ability 
of certain carbamates to inhibit cholinesterase was utilized as a technique for measur- 
ing their detoxification. The change in cholinesterase-inhibiting activity during their 
incubation with liver preparations was followed by removing aliquots at times varying 
from zero to 120 min, adding these to acetone, filtering, removing the acetone in 
vacuo, and assaying the samples for cholinesterase-inhibiting activity by the mano- 
metric method.? Appropriate controls lacking either the enzyme preparation or the 
carbamate indicated a high recovery of active material and no interference from liver 
constituents. 

Two sources of cholinesterase were used to obtain a suitable sensitivity to the differ- 
ent carbamates. Purified bovine erythrocyte cholinesterase (Winthrop Laboratories, 
1450 Broadway, New York 18, N.Y.) was used at a concentration of 0-75 mg/ml and 
homogenates of fly heads were used at a concentration of 1-5 heads/ml. The 4, 
(ul CO, liberated/30 min) was 145 for the bovine erythrocyte cholinesterase and 115 
for the fly head cholinesterase. Standard curves of the degree of inhibition of known 
amounts of the carbamate being tested were made in order to evaluate changes on 
incubation with the liver enzymes. The samples were diluted in order that the zero- 
time sample yielded a cholinesterase inhibition of 60-80 per cent. The standard 
carbamate solutions or experimental samples were preincubated with the cholinester- 
ase for 30 min at 37 °C before the addition of acetylcholine chloride to a final concen- 
tration of 0-01 M. The subsequent activity of the cholinesterase was expressed as the 
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bso. Bovine erythrocyte cholinesterase and an initial inhibitor level of 1 x 10-* M 
were used for Isolan (cmpd. 17), Pyrolan (cmpd. 18), and compounds 10 and 16, and 
bovine erythrocyte cholinesterase and | = 10-7 M for physostigmine (cmpd. 31) and 
neostigmine (cmpd. 5). Fly head cholinesterase and an initial level of | 10-* M 
were used for dimetan (cmpd. 20) and compounds 15 and 19, while fly head cholines- 
terase and 3 = 10-’ M were used for Sevin (compd. 32). 


RESULTS 

Fig. | shows the liberation of p-nitrophenol from metabolites formed on incubation 
of DpNC with a 20 per cent liver homogenate and a number of co-factors Heating 
the homogenate to 100 °C for | min caused a complete loss of activity. 


N trophenoi, 


Hected. homog 


6 > 80 


min incubotion 


Fic. 1. Metabolism of N:N-dimethyl-p-nitrophenyl carbamate by rat liver homogenate: 


untreated homogenate heated homogenate. Flasks contained the following materials : 
1 mg DpNC, 0-31 mg adenosine triphosphate, 0-41 mg diphosphopyridine nucleotide, 0-46 mg TPN, 
0-075 mg nicotinamide, 4-06 mg cytochrome c, 0-125 mg MgCl,, 0-125 mg MnCl,, 0-15 mg Cot l., 
2-0 mi KPO, buffer (0-05 M, pH 7-0) and 2-0 mi 20 per cent homogenate or homogenate which had 
been heated at 100°C for 1 min. Total volume 5-0 ml. Flasks removed for p-nitrophenol analysis 
at 0, 15, 30, 60, 120, and 180 min. 


By a series of similar experiments with single deletions of co-factors. it was apparent 
that the principal effect was due to TPN. Experiments with the addition of co-factors 
to limiting and optimal amounts of TPN indicated that TPNH was the effective co- 
factor and that other co-factors were involved in the endogenous reduction of TPN. 
This is illustrated in Fig. 2, which shows the effects of TPN and TPNH when a well 
dialysed enzyme preparation was used. 

The requirement of this pathway for oxygen was evident from experiments in which 
the S,; 999 fraction fortified with TPN was incubated in either air or 95°, N,: 5% CO,. 
A 3-5-fold greater DpNC metabolism occurred in air than in the non-oxygen con- 
taining atmosphere, based on analysis of the p-nitrophenol liberated from the metabo- 
lites. 

The localization of activity in subcellular fractions was reported in a preliminary 


communication.** The activity was located in the microsome fraction (Ryo5 ooo). In 
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the presence of both microsomes and soluble material (S,5 999 OF S:o5 900 Plus Ryos ooo)- 
either TPN or TPNH were effective, while with microsomes alone (Rj 5 999) TPNH was 
far superior to TPN. Thus, either TPNH or the soluble enzymes necessary to effect the 
reduction of TPN are required. 

This mechanism, located in the microsomes and requiring TPNH and oxygen, bears 
a striking resemblance to the N-dealkylation systems described’? for a number of 
drugs, suggesting that the carbamate is attacked first at the methyl groups. If such a 
mechanism operates, presumably one of the products would be formaldehyde. 


p Nitrophenoi, 


Co-factor, mg 


Fic. 2. Effect of TPN and TPNH on the production of p-nitrophenol from N:N-dimethyl!-p-nitro- 
phenyl! carbamate. TPN, TPNH. Each flask contained 1 mg DpNC, 
0-0 to 1-85 mg TPN or TPNH, 0-5 ml dialysed S,, 999, and 1-0 ml KPO, buffer (0:05 M, pH 7-0). 
Total volume 3-0 ml. The S,; 999 was dialysed against four changes KPO, buffer (0-02 M, pH 7-0) 
over a period of 24 hr, at a temperature of 4 °C. Flasks were incubated at 37 °C for | hr before p-nitro- 
phenol analysis. 


DpNC, | mg, was incubated for | hr with 1-0 ml S,, 999. 1-0 ml KPO, buffer and 
3-7 mg TPN. Formaldehyde analysis** showed the formation of 15 ug of formalde- 
hyde in the presence of TPN and only 2 «g when TPN was omitted. 

The molar ratio of total formaldehyde* to p-nitrophenol production was determined 
with the metabolites from both DpNC and its N-methyl, N-ethyl analog. The results 
indicated that only one methyl group of DpNC was attacked (ratios of 0-93:1 and 
0-97:1 in separate studies) and that only the methyl group of N-methyl,N-ethyl-p- 
nitrophenyl carbamate was attacked (ratio of 0-98:1). 

The observation that on the addition of alkali, during the determination of p- 
nitrophenol, the color developed slowly indicated that formaldehyde and N-methyl- 
p-nitrophenyl carbamate may not be the immediate products, as the latter compound 
is unstable and would be broken down to free p-nitrophenol by the end of incubation. 
The product of this metabolic reaction was recovered by ether extraction, the ether 
evaporated and an equal volume of acetone and 0-5 M KPO, buffer of pH 8-0 or 
9-0 was added. By following the optical density at 400 my it was found that the product 
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had a half life of 37 min at pH 8-0 and 7-0 min at pH 9-0. Under these same conditions 
the half life of N-methyl-p-nitrophenyl carbamate is less than 5 sec and that of N:N- 
dimethyl-p-nitrophenyl carbamate is more than one year.” 

Further proof of the existence of this product of intermediate stability between the 
mono and dimethyl compounds was obtained by extracting incubation mixtures with 
chloroform and determination of p-nitrophenol and formaldehyde in the chloroform 
layer as well as in the water layer. The results indicated 90 per cent extraction into the 
organic phase from water of both p-nitrophenol-yielding material and formaldehyde- 
yielding material. Molar ratios of formaldehyde:p-nitrophenol were 0-93:1 in the 
water layer before extraction and in the chloroform layer after extraction. Since 
formaldehyde cannot be extracted into chloroform from water, the product is a 
compound stable under the conditions of incubation, which liberates formaldehyde 
under the acid conditions of formaldehyde determination,” yields p-nitrophenol under 
alkaline conditions and can be extracted into chloroform from water. In several experi- 
ments using DpNC as the substrate, formaldehyde analysis by the method of Tanen- 
baum and Bricker,** which is carried out at pH 7-0, showed less than one-tenth the 
amount shown by the chromotropic acid method.” Further experiments indicated that 
the metabolite could be extracted into ether and benzene. 

Table | shows the breakdown of other N:N-dialkyl-p-nitrophenyl carbamates by 
the S,5 ooo fraction of rat liver and the effects of TPN on this breakdown. 


TABLE 1. METABOLISM OF N:N-DIALKYL-p-NITROPHENYL CARBAMATES BY RAT LIVER 
MICROSOMES 


Each flask contained 5-0 ~moles substrate, 1-5 ml S,5 999, 0-5 ml KPO, buffer (0-05 M, pH 7-0), with 
or without 3-7 mg TPN. Total volume 3-0 ml. Flasks were incubated at 37 °C for 1-5 hr prior to 
p-nitrophenol determination. The results were compared to those for DpNC, which was arbitrarily 
given a value of 100 in the presence of TPN. The amount of p-nitrophenol released by alkaline 
degradation of the metabolite from DpNC was 113-0 zg. 


p-Nitrophenol production 


N-Alkyl groups = 
No TPN added TPN added 
Dimethyl 4 100 
Methyl, ethyl s 82 
Diethyl 93 
Di-n-propyl 8 23 
Diisopropyl 3 5 
Di-n-butyl l 6 


The inhibition due to SKF 525-A, piperonyl butoxide, sesamex or MGK 264 was 
investigated and the results, shown in Table 2, indicate that all were effective inhibitors 
of the metabolism of DpNC and its diethyl analog (DEpNC). 

The formation of products yielding formaldehyde,” in the presence of S;5 999. from 
a large number of N:N-dimethyl carbamates, N-methyl carbamates and related com- 
pounds, was investigated and the effect of TPN on this production determined (Table 
3). In certain cases, the enol moiety of the molecule contained methyl groups which 
could have given rise to formaldehyde. Where possible, the enol product of hydrolysis 
was used alone; the results obtained appear within parentheses after those of the 
parent compound (Table 3). In all cases in which formaldehyde was produced, TPN 
was stimulatory. Some of the products of hydrolysis yielded formaldehyde, although 
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dimethylamine and monomethylamine, formed spontaneously from the carbamic 
acids resulting from a splitting of the ester bond of N:N-dimethyl and N-methyl 
carbamates, gave negative results. Free formaldehyde and products which are degraded 
in acid to yield formaldehyde cannot be distinguished by the chromotropic acid pro- 
cedure.** The enzyme preparations used were effective in converting free formalde- 
hyde to a form which cannot be detected either in strong acid® or at neutral pH. 
The rate of free formaldehyde loss was such that the formaldehyde detected under acid 
conditions must have resulted from acid degradation of metabolites. 


TABLE 2. PERCENTAGE INHIBITION OF METABOLISM OF N:N-DIALKYL-p-NITROPHENYL 
CARBAMATES BY SKF 525-A, MGK 264, PIPERONYL BUTOXIDE AND SESAMEX 


Each flask contained 5 «moles substrate, 1-5 ml S,; 999, 3-7 mg TPN, 0°5 ml KPO, buffer (0-05 M, 
pH 7-0) and a series of concentrations of the inhibitors. Total volume = 4:0 ml. MGK 264, piperonyl 
butoxide and sesamex were added in ether solution and the solvent evaporated in a stream of air. 
Flasks were incubated at 37 “C for 90 min prior to p-nitrophenol determination. Results shown are 
those of a single set of determinations which are, however, in agreement with several other determina- 
tions which have been made. Accurate determination of inhibition levels were not made as three of 
the inhibitors and both substrates are relatively insoluble in water. The amount of p-nitrophenol 
released in the absence of inhibitors was 98 yg in the case of Dp NC and 89 ug in the case of DEpNC. 


Sesamex 


MGK 264 Piperony! butoxide 


SKF 525-A 
(umoles) DpNC | DEpNC | DpNC DEpNC DpNC DEpNC DpNC DEpNC 


0.00 0 0 0 0 0 0 0 0 
0-03 17 13 0 2 29 5 22 0 
0-30 35 36 46 31 38 31 58 47 
3-00 65 69 66 76 48 56 67 63 


60 77 


TABLE 3. METABOLISM OF N:N-DIMETHYL CARBAMATES AND RELATED COMPOUNDS BY 
RAT LIVER MICROSOMES 


Each flask contained 1 mg substrate, 1-5 ml S,; 999, 0-5 ml KPO, buffer (0:05 M, pH 7-0), with or 
without 3-7 mg TPN. Total volume 3-0 ml. Substrates were added as ethanol solutions and the 
solvent evaporated in a stream of air. Flasks were incubated for 1-5 hr at 37 °C prior to formaldehyde 
estimation. Determinations were made at least twice with each substrate and the results compared to 
that from DpNC, which was determined with each enzyme preparation, the value for which was 
arbitrarily set at 100. When hydrolysis products were studied, the relative value for formaldehyde 
production from these is placed in parenthesis after that for the parent compound. The amount of 
formaldehyde release from the DpNC metabolite in different experiments varied from 17 yg to 40 ug. 


Compound* Formaldehyde production 


Source t 
N:N-Dimethy! carbamates (R Me,NC(O)—) No TPN added TPN added 
2 7 1. R—O—Ph G 0 65 
er 2. R—O—Ph—NO,-3 R 9 50 
3. R—O—Ph—NO,-4 G 12 100 
(DpNC, model compound) 
7 4. R—O—Ph—NH,-3 R 15 39 
5. R—O—Ph—NMe, . Br-3 R 9 (8) 61 (25) 
; (neostigmine, parasympathomimetic agent) 
7 6. R—O—Ph—CH,NMe,-2 R 6 39 
7. R—O—Ph—Ph-4 G 14 23 
. R—O— G 14 33 


30-00 80 90 68 8/7 
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TABLE 3.—continued. 


Compound* Formaldehyde production 
N-Dimethyl carbamate (R Me,NC(O)—) No TPN added TPN added 


Me 


Me 
(Pyramat, insecticide) 
O—Pyr—H-! j 33 (0) 
. R—O—Pyr—Et-! 98 (0) 
R—O—Pyr—i—Pr-| j 98 (3) 
(Isolan, insecticide) 
. R—O—Pyr—Ph-! j 59 (6) 
(Pyrolan, insecticide) 
. R—O—Pyr—C(O)NMe,-1 j 60 
R—O- Res i 55 (20) 
(dimetan, insecticide) 


C(O)OEt 


O—C,H,NMe, . Br 15 (11) 
ra 0: 
0 
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9, R—O G 32 
Me 
10. R—O G 0 25 
il. R—O G 0 12 
N 
7 12. R—O R 12 4! 
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Mc 
Pr-n 
N 
4 14. R—O N G 18 32 
15 
17 
18 
70 
; Me . 
21. R—O Oo G 7 40 
oO 
Me, 
22. R—O G 21 37 
23.R 34 (7) 
25. R 0 
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TABLE 3.—continued. 


Compound* Formaldehyde production 
Sourcet ———— -— 


N:N-Dimethyl carbamates (R = Me,NC(O)—) No TPN added TPN added» 


Other carbamates 
26. (Me Et)NC(O)OPh—NO,-4 15 64 
27. H)NC(O)OPh—NO,-4 0: 0: 


(compound 5727, insecticide) 
29. (Me) H)NC(O)OPh—NMe, . HCI-3 
30. (Me H)NC(O)OPh—Me,-3 :5-N Me,-4 
(Zectram, insecticide) 


G 
G 
28. (Mex H)NC(O)OPh—i—Pr-3 H 0 0 
R 
Do 


. (Me H)NC(O)O 


Me Me 
(physostigmine, sympathomimetic agent) 


(Me H)NC(O)O _ 


(Sevin, insecticide) 


ol. 8 3. (Me)(Et)NC(O)ORes 34 (20) 
961 34. (Me)(n-Bu)NC(O)ORes G 13 (9) 35 (20) 
35. Me,NC(S)ORes G 9 (9) 26 (20) 
36. Me,NC(S)SRes G 0(9) 9 (20) 
37. H,NC(O)OC,H,NMe, . Cl 4 (11) 21 (7) 

(carbachol, parasympathomimetic agent) 
H)NC(O)OC,H,NMe,. Br G 6 (11) 0(7) 


Non carbamates 


39. Me,NSO,Ph—Cl-4 G 3 0 
40. Me,NC(O)NHPh D 0 8 
(fenuron, herbicide) 
41. Me,NC(O)NHPh—CI-3 D 2 10 
(monuron, herbicide) 
42. Me,NC(O)NHPh—Cl,-3:4 D 2 10 
(diuron, herbicide) 
43. MeNH,.HCl 0 0 
44. Me,NH.HCI 0 0 
45. (MeO),P(O)OCMe=CHC(O)NMe, S 0 14 
(compound 3562, a-isomer, insecticide) 
46. (Me,N),P(O)F 0 0 
(dimefox, insecticide) 
47. (Me.N),P(O) M 0 0 
48. (Me,N)(MeO)P(S)—OPh—C],-2:4:5 Dow 0 0 


* Abbreviations: Me = methyl; Et = ethyl; Pr = propyl; Bu = butyl; Ph = phenyl; Pyr 3- 


Me, 


N 
methyl-5-pyrazolyl ; Res 5 :5-dimethy! dihydrorescrorciny] 


O 


Me 


+ The authors gratefully acknowledge the following sources for the compounds studied: B Dr. 
G. Schrader, Farbenfabriken Bayer, Wuppertal-Elberfeld, Germany; C Dr. R. Back, Union 
Carbide Chemicals Co., New York, New York; Dow = Dr. J. Johnson, Dow Chemical Co., Midland, 
Michigan; D Dr. J. Carnahan, E.I., Du Pont de Nemours and Co., Wilmington, Delaware; 
F = Dr. G. Hartley, Fisons Pest Company Ltd., Saffron Walden, Essex, England; G = Dr. H. Gysin, 
J. R. Geigy, Basle, Switzerland; H Dr. A. Lohr, Hercules Powder Co., Wilmington, Delaware; 
M Monsanto Chemical Co., St. Louis, Missouri; R Dr. J. Aeschlimann, Hoffman-La Roche 
Inc., Nutley, New Jersey and Dr. E. Silberschmidt, Hoffman-La Roche Inc., Basle, Switzerland; 
Ss Dr. R. Whetstone, Shell Development Co., Modesto, California. 

+ These compounds are unstable and readily hydrolyse in aqueous solution. 
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When assayed for loss of cholinesterase-inhibiting activity by the method described, 
the greatest loss occurred with Isolan (cmpd. 17) (Fig. 3). In the presence of TPN over 
95 per cent of the inhibitory activity was destroyed in | hr; in its absence little loss 
occurred. None of the other carbamate-inhibitors of cholinesterase approached this 
rapid loss when treated in the same way. Some loss of inhibiting ability was noted 
in the case of dimetan (cmpd. 20), Pyrolan (cmpd. 18) and compound 16, none in 
the case of physostigmine (cmpd. 31), Sevin (compd. 32), and compounds 10, 15 
and 19. 

DpNC was administered to rats at an oral dosage of 200 mg/kg. After 4 hr the 
liver was removed and homogenized in acetone. The acetone was removed in vacuo 
and the residue extracted with ether. The ether was removed in a stream of air and the 
residue extracted with acetone. The acetone solution was filtered and examined for the 
presence of metabolites of the same type as those produced by isolated microsomes. 
A compound of intermediate stability in alkali could be demonstrated with a half time 
for degradation of 40 min at pH 8-0 and 8 min at pH 9-0. 


© 


recovered 


soron 


incubotion with $,000 


Fic. 3. Loss of cholinesterase-inhibiting activity on incubation of Isolan with S,, 99. from rat liver 
Each flask contained | 10-* M Isolan, 2°5 ml S,. ooo, 05 ml KPO, buffer (0:05 M, pH 7:0), with 
or without 3:7 mg TPN. Total volume, 5-0 mi. Flasks were incubated at 37°C, samples taken at 
0,5,10,15,30 and 60 min and prepared for cholinesterase inhibition determination at | 10°-* M 
eqivalent of Isolan by the method previously described. 


Houseflies (Musca domestica L.) were treated topically and American roaches 
(Periplaneta americana L.) by injection with DpNC at a dosage of | mg/g. After 4 
hr the whole insects were extracted in the same manner as was the rat liver. A metabo- 
lite of the same type as that produced by rat liver microsomes or intact rats appeared 
to be present, but interference from an opalescent material in the extracts prevented 
accurate determinations of the half time for degradation. 
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DISCUSSION 


The N:N-dialkyl-p-nitrophenyl carbamates are not effective cholinesterase in- 
hibitors, but their chemical stability and the relative ease with which their breakdown 
products can be analysed make them valuable model compounds for metabolic 
studies. 

The data support the hypothesis that a microsomal enzyme system, requiring TPNH 
and oxygen, acts on many N:N-dialkyl carbamates. In the case of DpNC only one 
alkyl group is attacked and the reaction cannot properly be referred to as a dealkyla- 
tion, since the methyl group is not released as free formaldehyde. The product of the 
enzyme reaction is relatively stable at pH 7-0-8-0, but breaks down to yield p-nitro- 
phenol at higher hydroxyl ion concentrations. The product will yield formaldehyde 
under strong acid conditions* but not in neutral aqueous solution.™* 

N-Dealkylation systems localized in the microsomes and requiring TPNH and 
oxygen have been described for a number of drugs.'® Although only one previous 
report"*® indicates such an intermediate product in the dealkylation, the fact that for- 
maldehyde determinations are normally done under strong acid conditions could 
mean that such intermediates are degraded during analysis. 

By analogy with the mechanism proposed for the metabolism of N:N-dimethyl 
tryptophane™ and the oxidation of octamethylpyrophosphoramide,"* one possible 
structure would be N-methyl-N-methylol-p-nitrophenyl carbamate. The possibil- 
ity that one methyl group is oxidized to the level of CO, and the other to the 
methylol level is extremely unlikely as the metabolite yields | mole of formaldehyde 
per mole of p-nitrophenol and N-methyl carbamates are not subject to microsomal 
N-methyl oxidation. DpNC appears to be stable to many chemical oxidations, but will 
react with chlorine in carbon tetrachloride solution to form a small amount of a 
product which yields formaldehyde in acid and can be extracted into organic solvents 
from water. 

N:N-Dialkyl-p-nitrophenyl carbamates with alkyl groups larger than methyl are 
also metabolized by the same or similar enzyme systems. The data do not allow any 
conclusions as to whether one or more than one enzyme system is involved. The data 
presented indicate that only the methyl group of N-methyl,N-ethyl-p-nitrophenyl 
carbamate is attacked. It is apparent that activity toward compounds with alkyl 
groups larger than ethyl is markedly reduced. The metabolites formed were less stable 
than that from DpNC, although the original substrates are more stable.*? SKF 525-A 
will inhibit demethylation but not de-ethylation of derivatives of 4-amino antipyrine,'’ 
whereas in the present case the metabolism of both the N:N-dimethyl and N:N- 
diethyl compounds was inhibited. 

Methylene dioxyphenyl compounds have been implicated as affecting the metabolism 
of carbamates in insects in which they are known to have a synergistic action in vivo.'* 
In the present study, piperonyl butoxide and sesamex are seen to be inhibitors of the 
metabolism of some N:N-dialkyl carbamates by rat liver microsomes. The oxidative 
attack on the N-methyl group of the a-isomer of SD 3562 (compd. 45) by rat liver 
microsomes is interesting, since this compound acts synergistically with sesamex in 
the insect ;*" this is one of the compounds shown to be an inhibitor of oxidative reactions 
in rat liver microsomes. MGK 264 is an insecticide synergist®® and has been shown 
to inhibit the oxidation of methyl parathion to methyl paraoxon in mammalian 
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microsomes. In the present study, MGK 264 is shown to be an effective inhibitor of 
N:N-dialkyl carbamate oxidation by rat liver microsomes. 

The survey of carbamates for formaldehyde production with the S,, 999 fraction 
was designed to show the possible range of chemical structures, within the carbamates 
and related compounds, which might be susceptible to this type of metabolism. 
Careful comparison of the rates of enzymic reactions was not possible as the solu- 
bility of the compounds in water varied through extreme limits. One source of error, 
the variability of the enzyme preparations, was reduced by comparing the formalde- 
hyde production with that from DpNC, which was determined with every preparation. 

Certain general conclusions can be made. In all cases in which formaldehyde was 
produced, TPN was stimulatory. This finding supports the view that these compounds 
are metabolized by the same or a similar mechanism to that shown for DpNC. All 
the compounds yielding appreciable amounts of formaldehyde were N:N-dimethyl 
carbamates; the N-methyl carbamates are apparently not readily metabolized by 
this system. N:N-Dimethyl carbamoyl fluoride and chloride (compds. 24 and 25) do 
not yield formaldehyde. It has been demonstrated that N:N-dimethyl carbamoyl 
fluoride is readily hydrolysed by liver esterases.” This finding and the fact that di- 
methylamine and monomethylamine, the products of enzymic® and non-enzymic®.?” 
hydrolysis of N-methyl and N:N-dimethyl carbamates, do not yield formalde- 
hyde, rules out the possibility that the reaction mechanism is an initial hydrolysis 
followed by the production of formaldehyde from the products of hydrolysis. 

Considerable variation in the enol portion of the molecule can be made without 
destroying activity, since the two types of carbamate which yield formaldehyde most 
readily are the p-nitrophenyl carbamates (cmpds. 3 and 26) and the 1-R-3-methyl-5- 
pyrazolyl carbamates (cmpds. 15-19). In some cases, methyl groups on the enol 
moiety of the molecule yielded formaldehyde when tested alone, such as 5 :5-dimethyl- 
dihydroresorcinol from dimetan (cmpd. 20) and compounds 33-36, and the enol 
moieties of neostigmine (cmpd. 5) and Zectran (cmpd. 30). In these cases, it is likely that 
methylol groups were formed in the oxidation. 

If the oxygen of the ester linkage is sustituted by a nitrogen atom, as in the change 
from a carbamate to a substituted urea, or if either of the oxygen atoms around the 
carbamate carbon is substituted by a sulphur atom, the compound does not yield 
formaldehyde to an appreciable extent. Since these compounds are particularly in- 
soluble in water, the explanation could lie in their not being available to the enzymes. 

Degradation of Isolan was evident based on loss of cholinesterase-inhibiting-poten- 
tial and on formaldehyde released from the metabolite at acid, but not at neutral. pH. 
Certain other carbamate cholinesterase inhibitors which yielded formaldehyde at 
acid pH did not lose the ability to inhibit cholinesterase. This apparent discrepancy is 
susceptible to two explanations; first, that sites on the molecule other than the car- 
bamoyl group yielded the formaldehyde; the second, that the metabolites which yield 
formaldehyde under strong acid conditions may, themselves, be effective cholinesterase 
inhibitors. The first explanation seems to be the less likely since the enol products of 
hydrolysis when tested alone, never yielded as much formaldehyde as the parent com- 
pound. However, the hypothesis cannot be completely ruled out, since the presence 
of the carbamoyl group may make other sites more susceptible to methyl oxidation. 
If the second hypothesis is correct the fact that formaldehyde is produced under strong 
acid conditions would not necessarily correlate with loss of cholinesterase-inhibiting 
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capacity, as the relatively mild conditions used in preparing samples for cholinesterase 
determination would presumably not degrade the metabolites. 
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Abstract—After treatment of squid giant axon with cobra venom (CV), cetyltrimethyl- 
ammonium chloride (CTA) or a combination of the two, d-tubocurarine (curare) caused 
reversible block of conduction at concentrations as low as 5 10-* M. On control 
axons, 1-4 10°-* M curare had little effect on electrical activity. Other compounds 
rendered active by the treatment included chlorisondamine and protamine; the actions 
of physostigmine and di/sopropylfluorophosphate were potentiated. Several quaternary 
ammonium compounds, among them prostigmine and acetylcholine, were not rendered 
active after pretreatment. Most tertiary amines affected the untreated squid axon action 
potential in almost the same concentrations that affect the synapses of the single electro- 
plax. In contrast to lipid-insoluble quaternary ammonium compounds, which did not 
significantly alter the action potential of the untreated axon, three lipid-soluble quater- 
nary compounds were as effective on the axon as on other conducting membranes. The 
results indicate that a strong lipid barrier surrounds the squid axon. A mechanism for 
the breakdown of this barrier by CV and CTA is discussed. Possible explanations are 
presented for the inability of this treatment to permit effects of some lipid insoluble 
quaternary compounds. 


INTRODUCTION 
NACHMANSOHN proposed in 1940 that the acetylcholine (ACh) system plays a central 
role in the conduction of impulses in nerve axons, and much experimental support 
for this theory has accumulated in the following two decades.' According to the 
theory, ACh released during activity changes the ionic permeability of the conducting 
membrane by its action on a receptor protein. The rapid inactivation of the ester by 
cholinesterase permits the receptor protein to return to its resting condition. 

One of the major objections to the theory has been the failure of d-tubocurarine 
(curare), ACh, and other quaternary ammonium compounds to affect conduction in 
nerve axons, in contrast to their powerful actions on junctions. These findings have 
been explained by Nachmansohn on the basis of the existence of barriers, primarily 
lipoidal in nature, which prevent lipid-insoluble quaternary compounds from pene- 
trating to the active membrane. Experimental evidence for the existence of barriers 
has been obtained by the demonstration that ACh labeled with °N and neostigmine 


* This work was supported by the Neurochemistry training grant no. 2B-5216 from the Department 
of Health, Education and Welfare, U.S. Public Health Service, by the Division of Research Grants 
and Fellowships of the National Institutes of Health, grant no. B-400, U.S. Public Health Service, 
and by the Muscular Dystrophy Associations of America, Inc. 
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applied to squid giant axons in high concentrations failed to penetrate to the axo- 
plasm, whereas the lipid-soluble tertiary ammonium compounds physostigmine and 
trimethylamine were found in the axoplasm.*: * Moreover, lipid-soluble nitrogen 
derivatives affect electrical activity of axons. Some of them, such as physostigmine 
and the tertiary analog of prostigmine, are known to have a relatively high affinity 
for cholinesterase, while others, such as procaine and tetracaine, have a high affinity 
for the receptor protein. The effectiveness of the local anesthetics procaine, tetracaine, 
and dibucaine in blocking the electrical activity of the conducting membrane of the 
electroplax' parallels their capacities for binding to the receptor protein, which has 
been isolated from electric tissue of electric eel.° 

In recent years, however, evidence has been obtained that under certain conditions 
even quaternary ammonium derivatives may act directly on axonal conduction. For 
example, Dettbarn® demonstrated that curare rapidly and reversibly blocks electrical 
activity at Ranvier nodes of a single sciatic nerve fiber where, according to electron 
microscope studies,’ the axonal membrane is covered only by a very thin and porous 
structure. Walsh and Deal* have reported that, after exposure of frog sciatic nerves 
to the detergent cetyltrimethylammonium bromide (CTAB), axonal conduction was 
reversibly blocked by curare, ACh, prostigmine and other quaternary ammonium 
derivatives. Armett and Ritchie* found a direct effect of ACh on C-fibers of the 
rabbit's desheathed vagus nerve. 

The present experiments were designed to reduce the permeability barriers sur- 
rounding the axon in order to test whether lipid-insoluble compounds which are 
highly active at the synapse, but ineffective on intact axons, would become effective. 
A variety of enzyme and detergents were used for this purpose. 

In addition, various lipid-soluble compounds were tested, and the strength of their 
action on axonal conduction was compared with that found previously on the synaptic 
junctions of the electroplax.*: '* Most of these compounds react with a protein, 
isolated by curare precipitation in solution from electric tissue.*: !°~'* This protein 
shows an affinity to many compounds which parallels their effectiveness in blocking 
electrical activity of isolated single electroplax, and thus it has an important charac- 
teristic which would be expected of an ACh-receptor protein.*; ® '°-™ 

The squid giant axon was used in these studies because it is a single fiber and is 
non-myelinated, i.e., it is surrounded by a relatively thin lipid membrane.™: This 
preparation would be expected to be more sensitive to the effects of enzymes and 
detergents than a nerve bundle. Effects observed would be less difficult to interpret 
than if a multi-fibered preparation were used. 


MATERIALS AND METHODS 

The majority, although not all, of the small nerve fibers adjacent to the giant axon 
of squid (Loligo pealii) were removed. Removal of all the small fibers was considered 
infeasible, since the axons survived longer when the time required for dissection was 
kept to a minimum. The giant axon was ligated at the stellate ganglion and about 
5 cm posterior to the ganglion. It was then freed from the mantle and placed in a 
chamber having a capacity of about 20 ml. The entire procedure took about 1 hr. 

The axon was attached by threads to stainless steel hooks which maintained it 
submerged under sea water in the nerve chamber. The nerve was placed in such a 
fashion that when the sea water was removed it rested on five external Ag-AgCl 


1. 8 
| 


194 P. ROSENBERG and S. EHRENPREIS 


electrodes: two stimulating, two recording, one ground. Every 5 or 10 min the action 
current was recorded by removing the solution and stimulating a few times at | pulse 
per sec, using pulses of 0-1-msec duration of controlled recorded intensity. A Grass 
Instrument Co. $4 stimulator and P6 d.c. preamplifier were used. In a number of 
experiments the action currents were photographed directly from the screen of a 
Tektronix 502 dual beam cathode ray oscilloscope. At the minimal voltage required 
to stimulate the giant axon the small nerve fibers did not respond; thus, the electrical 
activity recorded is that of the giant axon alone. 

Solutions of the various materials used—enzymes, detergents, neurotropic com- 
pounds—were prepared daily using filtered sea water buffered at pH 7-6 to 7:8 with 
| mM tris (hydroxymethyl) aminomethane (Tris). Sea water containing this con- 
centration of Tris had no effect on the spike height over a period of several hours. 
After addition of compounds to the sea water, the pH of the solution was readjusted 
to 7-6-7-8, if necessary. The solutions were oxygenated during the course of the 
experiments. 

ACh and dimethylaminoethyl acetate (DMAEA) were used in combination with 
7-3 x 10-* M physostigmine, a concentration which by itself did not affect axonal 
conduction. 


Pretreatment procedures 

A survey of various enzymes and detergents was first undertaken to determine the 
maximum concentration which could be applied for 30 min without detectably 
affecting the action potential. The enzymes and detergents in this concentration were 
then applied to fresh axons for 30 min, followed by fresh sea water for 10-15 min. 
The axon was then bathed in 1-4 « 10-* M curare for 30 min, unless block of conduc- 
tion was observed earlier. If an effect of curare was observed, reversibility of its 
action was tested in normal sea water. Pretreatment was considered ineffective if 
curare did not cause at least a 20 per cent decrease in spike height in 30 min. 

In those experiments in which compounds other than curare were tested for potentia- 
tion, a modified procedure was used. The reasons for doing this are discussed in 
Results. The particular compounds were applied to axons, at the start of the experi- 
ments, for 30 min in combination with, per ml, 10 ug of Naja naja cobra venom (CV) 
plus 20 wg of cetyltrimethylammonium chloride (CTA). The axon was then kept in 
sea water for 10-15 min followed by a second application of the compound alone, in 
the absence of CV plus CTA. The compound remained in contact with the axon for 
30 min, unless a pronounced effect was obtained sooner, in which case reversibility 
was checked. 


Calculation of results 

As an index of potency of those compounds which affect conduction in the squid 
axon, we used the “minimal active concentration” (MAC), i.e. that concentration 
which caused a 50 per cent decrease in the height of the spike in from 10 to 30 min. 
In those cases in which the number of experiments was few or in which there was 
considerable variation in the response, we have recorded the MAC as a range of 
concentrations. Other results are expressed as the mean per cent decrease in spike 
height + standard deviation of the mean over a given period of time. If only one or 
two experiments were performed with a given compound the actual per cent decreases 
are recorded. 
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Compounds 
Dibucaine (Nupercaine) and chlorisondamine (Ecolid) were kindly supplied by 


Ciba Pharmaceutical Products Inc. Prostigmine (neostigmine) was a gift of Dr. John 
Aeschlimann, Hoffman-La Roche, Nutley, New Jersey. Liquid dimethylaminoethyl 
acetate (DMAEA) and dimethylaminoethanol were obtained from Eastman Kodak 
Co. Three times crystallized DMAEA. HBr was prepared by Dr. S. Ginsburg of this 
Laboratory, who also prepared the lipid-soluble quaternary ammonium compounds: 
B-hydroxyethyldimethyldodecyl ammonium iodide (Norcholine 12), 8-acetoxyethyl- 
dimethyldodecyl ammonium iodide (Noracetylcholine 12) and pyridine-2-aldoxime 
dodecyliodide (PAD). Methantheline (Banthine) and diphenhydramine (Benadryl) 
and protamine sulphate were commercially obtained. 

Hydrolase mixture, an enzyme concentrate from Aspergillus oryzae, was obtained 
from C. F. Boehringer and Soehne, Mannheim, Germany. CTA, Span and Tween 20 
were obtained from K and K Laboratories. The following enzymes were purchased 
from Mann Research Laboratory: purified lipase powder of microbiological origin, 
purified intestinal alkaline phosphatase, crystalline papain, trypsin and chymotrypsin 
and purified hyaluronidase. 


TABLE 1. EFFECTIVENESS OF SEVERAL COMPOUNDS IN DECREASING THE ACTION POTENTIAL 
OF THE SQUID GIANT AXON 

The measure of effectiveness recorded below is the minimal active molar concentration 

(MAC), which is that concentration required to decrease the height of the action 

potential 50 per cent in 10-30 min. For comparison, previously obtained MAC values 

for the action of these compounds on the neural response of the isolated single 


electroplax are added.*: }*» “* Number of experiments is indicated in brackets. 


Squid axon Electroplax 
reversibility MAC 


| 


Atropine » (3) 
Methantheline (3) 
Physostigmine (6) 
Procaine (5) 
Dibucaine 5 (3) 
Diphenhydramine (3) 
Chlorpromazine (6) 
Strychnine (2) 
Noracetylcholine 12 (1) 
Norcholine 12 (1) 
PAD (2) 
Puffer fish poison (1) 


* Molecular weight unknown. 
RESULTS 
Control axons isolated in the manner described under Methods maintained their 
original spike heights + 10 per cent for at least 4 hr, the longest period of any experi- 
ment. The mean action potential recorded with external electrodes and based on 170 
axons was 18-7 mV, with a range from 10 to 40 mV. 


Effects on the electrical activity of the intact axon 
The compounds tested which affect conduction in the squid axon are listed in 
Table 1; except for puffer fish poison of unknown structure, they are either tertiary 


: 
_ 3x 10-4 
0 x 10-* 
80 73 x 10-4 
100 0:5-1-0 
0-50 1-3-2°6 10-* 
80 2 
0 I x 10-* 
90 
0 1-5 x 10-5 
60 1-5 10-* 
0 1-6 10-° 
100 0-025 ug/ml 
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nitrogen derivatives or lipid-soluble quaternary nitrogen derivatives which have a 
dodecyl group replacing a methyl group on the nitrogen (Noracetylcholine 12, Nor- 
choline 12, and PAD). These latter three compounds, in concentrations similar to 
those applied to the squid axon, have been found to block conduction in the lobster 
axon and in the electroplax.*: * Diisopropylfluorophosphate (DFP) is readily rever- 
sible only at its MAC or lower. Higher concentrations or longer periods of application 
caused irreversible block of conduction as has previously been found.!?: '* 

In contrast to the other tertiary nitrogen compounds tested upon the squid axon, 
the following two required very high concentrations to produce even a relatively small 
effect: dimethylaminoethanol 2 « 10°" M, 19 per cent decrease of spike height 
(two experiments); dimethylaminoethyl acetate 1-5 « 10-' M, 21-6 3-1 per cent 
(five experiments). By contrast, dimethylaminoethyl acetate has an MAC of 
8 =» 10-* M upon the neurally evoked spike of the electroplax. The ineffectiveness of 
DMAEA upon the squid axon is perhaps surprising since tertiary nitrogen com- 
pounds are generally considered to be lipid soluble. Using the Hestrin technique,'® 
we have found, however, that this compound is almost completely insoluble in olive 
oil.* Although olive oil is not a model for the nerve lipid, the experiment indicates 
lipid insolubility, which might explain lack of effect of DMAEA on the axon. 

With a series of quaternary nitrogen compounds, no significant effect (greater than 
10 per cent) on electrical activity of the axons was observed, when applied for 30 min 
in high concentrations. These compounds are listed with the highest molar concen- 
trations used, and the number of experiments shown in brackets: acetylcholine 
9 x (6); carbamylcholine 5 10-* (2); choline 6 10>? (2); prostigmine 


2 x 10°* (4); succinylcholine 5 = 10-* (2); decamethonium 5 x 10-* (3): 
chlorisondamine 2 = 10~* (3). Protamine sulfate was also tested and had no effect at 
10 mg/ml. Weak effects, about 25 per cent decreases, were observed with two 
quaternary nitrogen compounds, the molar concentrations of which are listed as 
well as the mean percentage decreases in spike height + standard error: benzoyl- 
choline 9 = 10°*, 24 + 3-5(3); d-tubocurarine 1-4 « 10-*, 23 + 3-3 (4). In contrast 
to their ineffectiveness upon the squid axon, all of the above compounds, except 
choline and protamine sulfate, block the response to indirect stimulation of the 
electroplax in to M concentrations.” 


Pretreatment experiments 

The enzymes and detergents used were selected on the basis of reports in the 
literature which indicated that they might be effective in altering membrane structure. 
The effects of the detergent CTAB used by Walsh and Deal* were already mentioned. 
It is also known that cationic and non-ionic detergents affect the permeability of red 
cell membranes.** Lysozyme and trypsin cause changes in the membrane of sea urchin 
eggs,** while lipase accelerates the lytic action of alcohol on the red cell surface.22 
Cobra venom phospholipase A has marked effects on mitochondrial membranes and on 
various metabolic enzymes,” *. * as well as apparently releasing ACh from its bound 
form in the brain.™ Phospholipases block axonal conduction and have marked 


* Solubility of DMAEA in olive oil was determined as follows: solid DMAEA was added to the 
oil, the mixture shaken for several hours and the precipitate removed by centrifugation. The oil was 
extracted with water, and, after concentration of the aqueous solution, the DMAEA was determined 
with the Hestrin techniquc.'” 
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effects on the structure of the nerve axon.**-** Hyaluronidase decreases the time for 
block by procaine in intact frog sciatic nerves.*° 

Despite the reported structural changes caused by the above enzymes and detergents, 
curare in 1-4 « 10-° M concentration in 30 min failed to affect electrical activity of 
squid giant axons after 30-min pretreatment of the axons with the following enzymes 
and detergents (concentrations in mg/ml and number of experiments in brackets): 
digitonin 0-02 (3), 0-1 (2); hyaluronidase 0-1 (7), 0-5 (1); hyaluronidase + trypsin 
chymotrypsin 0-1 + 2-0 + 2-0 (2); hydrolase mixture 1-0 (2), 5-0 (1); lipase 0-5 (1), 
3-0 (1); lysozyme 0-5 (1), 1-6 (1); papain 0-5 (1); alkaline phosphatase 0-1 (1), 0-33 (1), 
1-0 (1); sodium desoxycholate 0-005 (1), 0-01 (1); Span 20, 0-5 (1), 5-0 (1); trypsin 
0-5 (1), 2-5 (1); Tween 20, 0-5 (1), 5-0 (1). None of the enzymes and detergents listed 
affected axonal conduction by themselves, except hyaluronidase, digitonin and 
sodium desoxycholate, which in the highest concentrations listed caused, respectively, 
a 44, 27 and 20 per cent decrease in the spike height in 30 min. 

On the other hand, after pretreatment with either CV or CTA or a combination of 
both, a marked effect of curare on electrical activity was obtained (Table 2). In a 


TABLE 2. EFFECT OF CURARE ON SQUID AXON ACTION POTENTIAL FOLLOWING PRETREAT- 
MENT WITH COBRA VENOM (CV) AND/OR CETYLTRIMETHYLAMMONIUM CHLORIDE (CTA) 


Pretreatment agents and curare were applied for 30 min, except in those experiments 
in which curare completely blocked conduction in less than 30 min. Reversibility was 
checked for 30 min. Number of experiments are given in brackets. 


Decrease by curare 4 
Pretreatment Conc. 14 10°°M 56 10°°M Reversibility 
(ug/ml) Mean $.c. mean 


None 3-7 1-8 (7) 
None 11-4 2-9 (8) 


9-2 (7) 


1-1 (3) 


15-8 (4) 
14:2 (4) 


14-0 (5) 
7-3 (20) 


number of experiments, block of conduction was complete and readily reversible 
(Fig. 1). Block of conduction (Fig. 1; c, h) was complete despite greatly increased 
stimulus strength or altered polarity of stimulation. The stimulus artifact happens to 
be reversed in Fig. I(c) because the polarity of this particular stimulus was reversed 
in an attempt to evoke an action potential. The concentrations of CV and CTA used 
did not detectably affect axonal conduction in 30 min and if the axons were returned 
to sea water they conducted normally for several hours. With higher concentrations 
of CTA, 150ug/ml, or CV, 25ug/ml, complete irreversible block of conduction was 
obtained in from 15 to 30 min. The electrical activity of frog sciatic nerve has been 
reported to be unaffected by exposure to 1:200 CV.™ 


| 
‘ol. 8 
CV 10 45-6 39-5 + 16°5 
CV 10 — 7228+ 64-7 + 17-6 
| CTA 
CTA 20 867 + 81 
cv ca | 0-200 
CV CTA 10 20 81-9 5:3 
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In about 20 per cent of the experiments with CV plus CTA, recorded in Table 2, 
the pretreatment was ineffective in the period of observation (30 min). The potentiation 
of curare recorded in Table 2 would be even more pronounced if these experiments 
were omitted from the calculated results. In 25 per cent of the experiments 
5-6 = 10-* M curare caused complete block in from 2 to 10 min; reversibility in sea 


(k) 


Fic. |. Effect of curare on squid axon following pretreatment with (per ml) 10 ug of cobra venom 
(CV) plus 20 xg of cetyltrimethylammonium chloride (CTA). Photographs a to d from experiments 
on one axon, and ¢ to k from another axon. (¢) Control prior to CV plus CTA. (a, f) After 30-min 
pretreatment with CV plus CTA. Pretreatment had no effect on spike height. (g) After 10-min rinse 
with sea water. (b) 5 min and (c, h) 10 min after application of 1-4 10-* M curare. Conduction 
was completely blocked despite greatly increased stimulus strength. (d, 1) 10 min after return to sea 
water. (j) 15 min after application of 4-2 10-* M curare. (k) 10 min after return to sea water. 
Time signal: 850 c/s 


water was good in most cases (Table 2). In the other experiments, curare was of 
intermediate effectiveness and was left in contact with the nerve for 30 min. 

An axon rendered sensitive to the action of curare remained so over a long period 
of time. For example, curare was equally effective whether pretreatment was fol- 
lowed by placing in sea water for 10 min or 95 min (Fig. 2). 

Following pretreatment, it was observed that repeated applications of curare, 
even when interspersed with 30-min periods in sea water, frequently resulted in a 
progressive enhancement of its effect. For example, in four experiments, 5 « 10-* M 
curare in 30 min had no effect on the action potential. However, this same concentra- 
tion, in two out of four experiments, caused complete block of the action potential of 
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pretreated nerves after they had responded reversibly to 5-6 « 10-* M curare (Fig. 3.) 
This enhancement may be due to subminimal amounts of curare which remained 
within the nerve fibers even after they were returned to sea water. These results are in 
contradistinction to findings on untreated nerves, in which curare and other lipid 
insoluble compounds were as ineffective during a second application as during the 
first. 


20 


Fic. 2. Effect of 1-4 10-* M curare on squid axon rinsed in normal sea water (W) for 10 min (left) 
and for 95 min (right) after the application, per ml, of 10 ug of cobra venom (CV) plus 20 ug of 
cetyltrimethylammonium chloride (CTA). 


Fic. 3 Increased effect of curare on repeated application to squid axon pretreated with (per ml) 10 ug 
of CV plus 20 ug of CTA. Curare was first applied in 5-6 10-* M concentration for 5 min, and 
returned to sea water (W) for 10 min. Subsequent application of 4-2 « 10-* M curare blocked con- 
duction. The lower concentration of curare, if applied immediately after pretreatment was ineffective. 
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TABLE 3. ACTION OF LIPID-INSOLUBLE QUATERNARY NITROGEN DERIVATIVES AND 
PROTAMINE SULFATE ON ELECTRICAL ACTIVITY OF SQUID GIANT AXON AFTER PRETREAT- 
MENT WITH COBRA VENOM (10 uG/ML) AND CETYLMETHYLAMMONIUM CHLORIDE (20 G/ML) 


The results are given as percentage decrease of electrical activity after 30 min exposure. 
The results are expressed as mean + standard error where three or more experiments 
were performed. Otherwise the individual data are recorded. 


Compound Molar conc *., Decrease 


Acetylcholine 2:2 19-5 5:2 
(— physostigmine) 10? 21-0 62 
‘ 10°? 370 44 


10 
6 10 
10 


Benzoylcholine 


ow 


10-* 


Carbamylicholine 


10 


Choline 


Neostigmine 
10°? 


10 


Decamethonium 


Chlorisondamine 
10 


6 10 
3 


x 
cS 

> 


2:5 mg/ml 
5-0 mg/ml 


Protamine sulfate 


* In 10-20 min. 


TABLE 4. POTENTIATION OF THE ACTION OF TWO CHOLINESTERASE INHIBITORS ON THI 
SQUID AXON AFTER PRETREATMENT WITH COBRA VENOM (10 G/ML) AND CETYLTRI- 
METHYLAMMONIUM CHLORIDE (20 «G/ML) 


The effects are given as percentage decrease of electrical activity. The results are 
expressed as mean standard error where three or more experiments were per- 
formed. Otherwise the individual data are recorded. 


After pretreatment No pretreatment 
Compound Molar conc. *., Decrease, 
*., Decrease Time 30 min 


10 30 
10» 10°* 83, 88 30 0,0 
75 6 71-2 16°6 


DFP* 


Physostigmine 73 10 8-3 + 26 3 
1-8 10°% 48:2 + 92 10-30 10-3 1-5 
73x 443 3-2 


* Because DFP is an irreversible inhibitor of cholinesterase, it was not applied in 
combination with CV plus CTA, but was applied only once, after CV and CTA. 
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In Tables 3 and 4 data are presented for effects of various other compounds after 
pretreatment with CV plus CTA. The compounds were initially applied to the axon 
for 30 min in combination with (per ml) 10 ug of CV plus 20 ug of CTA and, after 
placing the nerves for 10 min in sea water, the compounds alone were reapplied for an 
additional 30 min. This method was used since the compound was then in contact with 
the axon for a longer period of time and thus lesser degrees of potentiation could be 
observed. The data recorded in Tables 3 and 4 are taken from the results obtained 
with the second application of the compounds. Potentiation of the action of cholo- 
risondamine, protamine sulfate, physostigmine, DFP and possibly acetylcholine, 
benzoylcholine and choline was observed. As with curare, block of conduction was 
readily reversible in all cases. As an illustration, the effects of chlorisondamine and 
protamine are shown in Fig. 4. Procaine,7 « 10-4 M and 1-7 « 10-* M (four experi- 
ments) was also tested after pretreatment with CV plus CTA, and was not potentiated. 


2 


Chiorisondamine 


| 
| Protamine 


| 
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Fic. 4. Block of conduction of squid axon by chlorisondamine 1-1 10-2 M and protamine sulfate 
5 mg/ml, after pretreatment with 10 wg of CV/ml plus 20 ng of CTA/ml. 


Those axons which failed to respond to a given compound were rinsed with sea 
water and exposed to 5-6 « 10-* M curare to ascertain whether failure to affect con- 
duction might have been due to ineffectiveness of the pretreatment. Since curare still 
blocked electrical activity in about 90 per cent of the experiments in which this pro- 
cedure was used, this does not seem to have been the main cause. 

The effect of ACh at a given concentration was about three times greater on the 
treated than on the untreated axon. However, since the concentrations of ACh re- 
quired were high and the effects relatively small, there is some question about the 
validity of this effect, and indeed it appeared that the effect of choline at comparable 
concentrations might also have been potentiated about three fold. 

Although ACh, choline, benzoylcholine and decamethonium were relatively 
ineffective in reducing the spike height after pretreatment, they did produce, in the 
highest concentrations listed in Table 3, an unexpected effect which is difficult to 
explain. When the first application of these compounds, combined with CV plus CTA, 
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was replaced with sea water, complete block of electrical activity occurred; after 15 to 
45 min in sea water the action potential returned to normal. This phenomenon was 
never observed with control axons, or on axons which were pretreated with CV plus CTA 
alone, washed and then bathed in the compounds. Once an axon had recovered, this 
block could not be produced a second time. It is possible that CV plus CTA, by reducing 
the barriers surrounding the conducting membrane, rendered it sensitive to the 
osmotic change which occurred when the solution containing 0-1 M quaternary 
compound in sea water was replaced by normal sea water. 


Spontaneous firings 

As previously indicated, liquid DMAEA had only a small effect on the height of 
the conducted impulse. However, at a concentration of 7-5 « 10-* M or higher it 
caused spontaneous firings at a rate of from 50 to 100 per sec for about 30 min. 
Recrystallized DMAEA.HBr did not cause firings. When the two preparations were 
combined, firings still occurred indicating that it was not the bromide ion which 
suppressed firing. Using the Hestrin procedure,™ the purity of the liquid DMAEA 
was about 96 per cent, as compared with recrystallized DMAEA.HBr, which was 
assumed to be 100 per cent pure. 

Spontaneous firings were noted when the Ca** and Mg** concentrations in an 
artificial sea water™ were reduced to 10-25 per cent of normal. Ammonia, 100 ng/ml, 
pH of 9-5, also produced firings, while sea water at this same pH had no marked effect 
on electrical activity. Once the firings had ceased the action potential could be evoked, 
but the firings could not be produced again even after prolonged washing. Pretreat- 
ment with CV and CTA prevented the spontaneous firings caused by DMAEA or 
low Ca** and Mg?*’. These results were not investigated further and no explanations 
are offered at this time. 


DISCUSSION 

Although much evidence has recently accumulated which demonstrates the essential 
role of the ACh-receptor protein in axonal conduction,’ a number of questions 
require further investigation. In the present paper, two major problems have been 
studied which have some bearing on the nature of the structural barriers surrounding 
the axon and the presence of receptors in the axon. 

The first problem concerns an attempt to obtain an action of lipid-insoluble 
quaternary ammonium ions, which are ordinarily inactive on the axon, but which 
react in solution with the isolated receptor protein and which interfere with electrical 
activity at synaptic junctions. The present approach, using enzymes and detergents 
to reduce permeability barriers, may in addition provide important clues about the 
chemical nature of such barriers. 

The prototype of lipid-insoluble compounds, generally assumed to prevent the 
action of ACh by competition with the receptor protein, is curare. Until recently this 
action had been demonstrated only on junctions and formed one of the basic argu- 
ments for the idea of a special chemical mechanism in synaptic transmission. The 
assumption of a limitation of curare action to the junction became untenable by the 
two recent findings that curare blocks axonal conduction at Ranvier nodes* and in 
whole frog sciatic nerves after exposure to the detergent CTAB.* Since curare has 
a high affinity to the receptor protein in solution’®: ™ and is also a powerful blocking 
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agent at junctions, it appeared to be a most suitable compound for testing the effec- 
tiveness of agents in reducing barriers which may protect the receptor in the axon. 

Of the fourteen enzymes and detergents tested, one detergent, CTA, and one 
enzyme mixture, CV, proved to be effective in reducing the barrier to the extent that 
curare rapidly and reversibly blocked electrical activity of the axon. The concentrations 
required were relatively low, 20 »g of CTA per ml and 10 wg of CV per ml, and the 
time of exposure relatively short, 30 min. Since exposure to these agents for from 
50 to 60 min irreversibly blocked axonal conduction, it was important to carefully 
control the time of application to exclude a strong direct action of CV on the conduct- 
ing membrane. After this pretreatment, curare blocked electrical activity in 80 per 
cent of the experiments. However, in the best experiments the concentrations of 
curare required are still about 10-* M, a concentration which is from 100- to 1000-fold 
as high as at junctions. This difference is likely due to a relatively incomplete reduction 
of permeability barriers surrounding the axon, so that only a small fraction of the 
externally applied curare is able to penetrate and react with the receptor of the 
membrane. Another explanation may be the high ionic content of the sea water as 
discussed below. It may be noted that even lipid-soluble cholinesterase inhibitors 
must be applied to the squid giant axon in rather high concentrations to block elec- 
trical activity. Even when block occurs, only a small fraction of the outside con- 
centration is found within the axoplasm.*: * In 20 per cent of the pretreated axons, 
in which even the high concentration of curare was ineffective, the barrier may not 
have been sufficiently reduced. No electron microscope studies have as yet been made, 
although these obviously would be essential for a detailed interpretation of the 
data. Another desirable check would be the use of radioactive curare, in order to 
permit a determination of concentration in the axoplasm at the time when block of 
conduction occurs. 

Further evidence for the reduction of the barriers is the reversible block of electrical 
activity by chlorisondamine, a well known di-quaternary ganglionic blocking agent. 
Here again the concentrations required to block in from 10 to 20 min are rather high 
(10-* M); this suggests that an incomplete reduction of the barriers had occurred. 
In addition, the action of two lipid-soluble compounds, DFP and eserine, is increased 
about fivefold, as would be expected if the lipid barrier were reduced but not removed, 
since the active concentration of these two compounds is still much higher than 
the usual ones effective at junctions. In addition to being powerful cholinesterase 
inhibitors, DFP and physostigmine may also react with the receptor. On the 
other hand, the permeability barrier breakdown might be extensive since prota- 
mine sulfate, a highly positively charged protein of molecular weight about 6000, 
which reacts with the ACh receptor protein in solution and blocks synaptic trans- 
mission,’ but is completely inactive on the axon without treatment, blocks electrical 
activity after treatment. 

Some quaternary ammonium compounds which are very potent at the synapse 
were still relatively inactive after the same treatment. ACh, 0-1 M, decreased electrical 
activity by 37 per cent in 30 min, an effect which is much weaker than with curare. 
High concentrations of carbamylcholine, decamethonium and prostigmine were 
completely inactive even after treatment. Several factors must be considered which 
may be responsible for these findings. As indicated by the observations discussed 
above, the reduction of the permeability barrier is probably neither uniform nor 
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complete, and therefore probably only a very small fraction of the outside con- 
centration will cross the barrier. In these circumstances, only those compounds which 
have a high affinity for receptors present may affect conduction. Indeed, in vitro, 
curare and chlorisondamine are bound more strongly to the receptor protein 
than those quaternary ammonium compounds which do not become active after 
treatment.* **-"* Another factor may be differences in lipid solubility. However, 
the in vitro determination of solubility in nerve lipid is difficult, since a suitable 
model for this lipid is unavailable. Penetrability of some of these compounds 
into the pretreated axon will be studied directly through the use of radioactive 
labeling. Finally, the high ionic strength and high Ca** concentration of sea 
water might be contributing factors in weakening the action of some quaternary 
ammonium compounds. It has been observed that increased Ca** and Mg** con- 
centrations may suppress the action of decamethonium and curare at junction'®. * 
and reduce binding to the receptor protein in solution."* The fact that ionic strength 
and Ca** concentration are considerably lower in mammalian Ringer's solution may 
partly account for the finding that ACh, even without any treatment, acts on C-fibers 
of rabbit vagus.” The same applies to the effects observed by Walsh and Deal with 
ACh and prostigmine on the frog sciatic fiber after treatment with CTAB.* On the 
other hand, the combination of some tertiary compounds with the receptor, both in 
vivo and in vitro, is actually enhanced by increasing the Ca?* and Mg?* concentrations 
in the physiological solution used." This might explain why the tertiary nitrogen 
compounds acted as strongly in sea water on the squid axon as on the electroplax 
where the concentration of salts is much lower. Obviously, more experiments are 
required to elucidate these questions. Still more efficient experimental conditions and 
treatment may be found under which most or all of the compounds may become 
effective. The period during which squid axons were available, and these studies were 
carried out, was limited to two months. Thus only a broad survey of the problem was 
possible. 

CV contains many enzymes, including phospholipase A, hyaluronidase and 
proteolytic enzymes.™: * Hyaluronidase and several proteolytic enzymes failed to 
render curare active. Thus, it appears likely that the active principle of CV in our 
studies is phospholipase A. This will be checked in future experiments. CV and 
phospholipase A and C rapidly caused block of conduction and depolarization in 
lobster axons and with phospholipase C marked changes in the structure of the 
membrane were reported.**-?* On the basis of studies with various enzymes, Tobias 
assumes that the lobster axonal membrane contains, among other components, lecithin, 
which he assumes to be essential for nerve function.2*: 2° A high percentage of the 
total phospholipid in the nervous system is lecithin.** It is present in the isolated 
receptor protein preparation, although the significance of this finding has not yet 
been elucidated.'* Lecithin interacts with cationic and anionic detergents, but not 
with non-ionic detergents such as Span and Tween 20.*7-** Of the enzymes and 
detergents used, only CV and CTA interact with lecithin, and these were the only 
agents which rendered curare active. 

An important result of these studies is the evidence that curare affects axonal 
conduction once the barrier protecting the receptor is removed. The successful use 
of enzymes, in this case probably phospholipase A, for such an effect has opened a 
new approach for the analysis of the chemical nature of the barrier. 
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The second problem investigated and reported in this paper is the effectiveness of 
lipid-soluble compounds, known to react with the acetylcholine-receptor protein in 
solution,®: '°~* in blocking electrical activity of squid giant axons. The strength of 
this action is compared to that at synaptic junctions of the isolated single electroplax, 
in which barriers are minimal, and thus approximate affinity to receptors present 
may be determined. The similarity of the concentrations required in the two types 
of preparations is quite remarkable. One could not, however, expect exact agreement, 
even if the permeability barriers were completely absent, because of species dif- 
ferences and different experimental conditions. 

Among the tertiary compounds, DMAEA was found to be inactive even in high 
concentrations; this may be due to its rather poor lipid solubility (see Results) and is 
in agreement with the observations that because of its poor penetrability it is unsuit- 
able as a substrate for testing cholinesterase activity of the intact electroplax.*° More- 
over, it does not affect the response of the electroplax to direct stimulation after 
curare had blocked the synaptic junctions.” 

In addition to tertiary amines, the effects of lipid-soluble quaternary ammonium 
ions were studied. Once again the concentrations required to affect axons and synaptic 
junctions were comparable. 

Puffer fish poison acts by an unknown mechanism, probably not involving com- 
bination with the receptor," while DFP exerts its irreversible effect through its anti- 
cholinesterase action, while its reversible effects may be due to combination with the 
receptor.’ 

The results presented provide support for the contention of Nachmansohn that the 
ACh-receptor protein, generally accepted as being present at the synapses, also exists 
in the axon.' Still to be determined is the chemical nature of this receptor through its 
in vitro isolation. The essentiallity of this component in nerve conduction is demon- 
strated by the fact that compounds which block synaptic transmission have a similar 
effect on the axon. Permeability and anatomical factors exist which must be over- 
come in order to reveal these similarities. 
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Abstract—An enzyme system capable of oxidizing both methanol and ethanol in the 
presence of DPN was purified almost ninety-fold from the liver of the rhesus monkey. 
Data for the X,, values for the two alcohols and DPN and for the K,values in the presence 
of some inhibitors are presented. The enzyme appears to be identical to liver alcohol de- 
hydrogenase (ADH). 

Ethanol competitively inhibited the oxidation of methanol by this enzyme. 

The purified enzyme had appreciable activity when, in place of DPN, TPN was used as 
the hydrogen-acceptor. 

Contrary to the observations of earlier authors, crystalline ADH, purified from 
horse liver, had an appreciable activity with methanol as substrate. 

The data on the elimination of methanol in the blood of monkeys administered 
methanol by stomach tube agrees with the rates of its oxidation, as observed in vitro. It 
is concluded that the dehydrogenase mechanism, and not the catalase—peroxide system, 
is responsible for the physiological oxidation of methanol. 


IN CONTINUING studies in this laboratory on the possible biochemical lesion in blind- 
ness due to methanol poisoning,'~* it became of interest to elucidate the nature of 
the enzyme system which catalyzes the oxidation of methanol to formaldehyde, 
since the latter compound is implicated as the toxic agent in the ocular damage 
resulting from methanol intoxication. 

The enzymic pathway involved in the physiological oxidation of methanol has 
been a subject of considerable controversy. Lutwak-Mann*® demonstrated that a 
partially purified preparation of horse liver alcohol dehydrogenase could oxidize 
methanol, as well as ethanol, to the corresponding aldehyde, but found that the 
reaction proceeded at a much slower rate in the former case. Using a similar prep- 
aration, Zatman* reported in a brief note that methanol is oxidized at a rate about 
one-ninth that of ethanol and that ethanol exerts a powerful competitive inhibitory 
effect on methanol oxidation. However, crystalline horse liver ADH?{, the properties 
of which have been thoroughly studied by Theorell and co-workers,’: * did not react 
with methanol and DPN to any measureable extent, although the enzyme catalysed 
the reverse reaction, viz. the reduction of formaldehyde by reduced DPN. As a 
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possible explanation of the discrepancy between their results and those of Zatman* 
and of Roe,’ who found that ethanol acts as an antidote in clinical cases of methanol 
porsoning, Theorell and Bonnichsen’ Suggested that “methanol oxidation in vivo 
requires some catalyst besides ADH + DPN.” 

Keilin and Hartree'® reported in 1945 that catalase can oxidize methanol or ethano] 
man in vitro-system in the presence of a hydrogen peroxide-generating enzyme 
system. These observations were extended by Chance" using sensitive spectrophoto- 
metric techniques. Utilizing the data of Agner and Belfrage'? on the disappearance of 
methanol in the blood of rabbits, Chance observed that sufficient catalase was present 
in the liver to account for the data of Agner and Belfrage and suggested that the 
peroxidative removal of methanol by catalase is probably the principal physiological 
pathway. From work with rats, a similar conclusion was reached by Strittmatter ™ 
who found that the rates, as calculated for the catalase-peroxidative reaction, closely 
parallel the maximum calculated rates for methanol oxidation in vivo. 

Mannering and Parks" have studied the effect of 3-amino-|:2:4-triazole, a potent 
inhibitor of catalase, both in vivo and in vitro, on the metabolism of methanol in rats. 
They found that although methanol oxidation was markedly inhibited in an in vitro- 
system containing catalase from rats treated with aminotriazole. this agent had no 
effect of the oxidation of methanol in vivo. 

All these conflicting observations prompted us to investigate the physiologically 
important pathway involved in the conversion of methanol to formaldehyde. This 
problem was approached by the isolation and subsequent purification of an enzyme 
system from liver which catalyzes the oxidation of methanol to formaldehyde. 


MATERIALS AND METHODS 
The alcohols used in these studies were of reagent grade. DPN and TPN were 
purchased from the Sigma Chemical Co. Preparations of crystalline horse liver ADH 
were obtained from C. F. Boehringer & Sohne and from Worthington Biochemical 
Corp. 


Enzyme assay method 

Preliminary studies indicated that. in the presence of methanol and semicarbazide, 
a dialysed, 25,000 g -supernatant fraction derived from an homogenate of monkey 
liver reduced 2:6-dichlorophenol-indophenol, and that this reduction was increased 
markedly upon the addition of DPN. The reaction could also be followed, in the 
absence of the indophenol, by the increase in absorption at 340 mu. 

The activity of the enzyme responsible for the oxidation of methanol was estimated 
by following the course of pyridine nucleotide reduction at 340 mp in a Beckman 
model DU spectrophotometer. Thus, in a Beckman cuvette with a I-cm light path, 
were mixed 1-5 ml of 0-2 M glycine-NaOH buffer. pH 9-6, 0-1 ml of DPN (or TPN) 
containing | mg of the nucleotide, enzyme solution and water to give a final volume 
of 2-9 ml. After recording the initial optical density at 340 my the reaction was in- 
itiated by the addition of 0-1 ml of 50° methanol or ethanol. The increase in ex- 
tinction at 340 my was read after 3 min. A unit of enzyme activity is defined as a 
change of optical density of 0-045 in 3 min: the specific activity is units of activity per 
mg of protein. The protein content of solutions was assayed by the method of Warburg 
and Christian." 
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Enzyme purification 

All procedures were carried out at 3 
freshly killed rhesus monkeys (Macaca mulatta) was the tissue of choice, since the 
earlier studies of Gilger and Potts'® had indicated that, of all the laboratory animals 
tested, only the rhesus monkey exhibited signs of toxicity which were completely 
parallel with those observed in human cases of methanol poisoning. 

One kilogram of monkey liver mince (obtained from fourteen monkeys) was stirred 
overnight with 2 | of ice-cold distilled water and centrifuged at 8000 g. The turbid 
buff-colored supernatant fraction was heated to 55 “C and maintained at this temp- 
erature, with continuous stirring, for 30 min. The solution was rapidly cooled in an 
ice-bath and recentrifuged at 8000 g; this yielded a clear red supernatant solution 
which, after separation, was treated slowly, with continuous stirring, with 277 g of 
ammonium sulfate per liter of fluid; appropriate amounts of ammonia were added to 
maintain the pH around 7. After | hr, the solution was centrifuged at 8000 g for 
30 min and the residue was discarded. To each liter of supernatant solution, 195 g of 
ammonium sulphate was added, in order to raise the saturation from 45 to 70 per cent. 
After standing for | hr the solution was centrifuged and the residue was suspended in 
0-01 M K-phosphate buffer, pH 7-0, and dialysed against distilled water to remove the 
ammonium sulfate. Diethylaminoethanol cellulose (Eastman), purified according to 
Peterson and Sober,’ and equilibrated with distilled water, was packed in a column 
5 x 40 cm. Chromatography was carried out in the cold room, at a flow rate of 
approximately 60 ml/hr. The enzyme solution was poured on the column, which then 
was washed with 400 ml of distilled water to elute the enzyme, the red hematin 
compounds being completely retained. This effluent was lyophilized, the residue 
suspended in 0-02 M K-phosphate buffer and dialysed against the same buffer for 
18 hr. The denatured protein was removed by centrifugation to give a white opalescent 


C unless specified otherwise. The liver of 


liquid. 

It was observed that during the fractionation of the enzyme, ADH was simul- 
taneously purified. All attempts to separate these two enzymic activities, using 
conventional techniques, have failed; the methods used have included adsorption on 
alumina Cy gel or calcium phosphate gel, anion and cation exchange cellulose 
columns, alcohol fractionation at various pH values and ionic strengths. Hence, this 
solution was used as the source of stock enzyme and dilutions were freshly made from 


this preparation for every set of experiments. 
RESULTS 
Kinetic studies with monkey liver enzyme 

Fig. 1 depicts the results of some experiments on the reaction rates of methanol 
at pH 7-4 and pH 9-6, as plotted by the method of Lineweaver and Burk!* to obtain 
the K,,,. Fig. 2 gives the K,, for DPN under the conditions given in the legend. 

Theorell and Bonnichsen’ have stated that horse liver ADH is powerfully in- 
hibited by p-chloromercuribenzoate (PCMB), while it is unaffected by iodoacetate 
(IA), and Valee and Hoch’ have found that o-phenantroline (OP), as a result 
of its combination with the zinc present in ADH, also causes inhibition of 
the enzyme. Thus, it was of interest to test the effect of these substances on the 
enzyme system obtained from monkey liver. Both PCMB and OP inhibited the 
oxidation of methanol, while IA had no effect. All the kinetic data obtained with 
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Fic. 1. Michaelis constant, X,,, for methanol at different pH values: (1), phosphate buffer, pH 7-4; 
(2), glycine- NaOH buffer, pH 9-6. units of enzyme activity as defined in text. S = (methanol) 
in moles/1. 


Fic. 2. Michaelis constant, K,,, for DPN with excess alcohol. Glycine-NaOH buffer, pH 9-6: 
(1) with methanol; (2) with ethanol. V = units of enzyme activity as defined in text. § = (DPN) 
in moles/l. x 
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either methanol or ethanol as substrates are summarized in Table 2, which indicates 
that the enzyme systems responsible for the oxidation of ethanol and methanol 
display a marked similarity to each other in their properties, such as susceptibility 
to inhibition by PCMB and OP and lack of effect in the presence of IA, the only 
salient differences being in the relative K,,-values for the substrates and the K,-values 
for the inhibitors. 


TABLE |. PURIFICATION OF “METHANOL DEHYDROGENASE” FROM MONKEY LIVER 


“Methanol dehydrogenase” ADH 


Fraction Specific Total Purifi- Specific Total 
activity activity cation activity activity cation 
10° < 10° 
(1) Supernatant fraction of 0-25 18:1 I 0-71 48-4 1 


aqueous extract of | kg 
of liver mince 


(2) Supernatant fraction 0-99 17-4 4 2:8 439 39 
after heating to 55 “C 


(3) 45-70°, ammonium 3:7 13-2 14-8 99 35:1 13-9 
sulphate fraction 


(4) Chromatography 
DEAE—cellulose 


TABLE 2. SUMMARY OF SOME OF THE KINETIC CONSTANTS OF METHANOL AND ALCOHOL 
DEHYDROGENASE FROM MONKEY LIVER 


Substrate used 


Kinetic constant studied 
Methanol Ethanol 


10°-*M 


~ 


(1) K,,-values of the alcohols in presence of 1:7 x 10-*M 
excess DPN at pH 9-6 


(2) K,,-values of DPN in presence of excess 5-3 « 10°5M 2:2 x 10-*M 
alcohol. 


(3) K,-values using p-chloromercuribenzoate. 1:8 10-°M 0-8 10°°M 


(4) K,-values using o-phenanthroline. 83 « 10°°M 2-6 x 10°*M 


In studies of the effect of different amounts of ethanol on the oxidation of methanol, 
absorbance at 340 my could not be used; accordingly, the formaldehyde formed 
during the reaction was measured colorimetrically by the method of Tanenbaum and 
Bricker.*® The results, plotted according to Lineweaver and Burk,'* clearly indicate 
that ethanol is a competitive inhibitor of methanol oxidation (Fig. 3), as has been 
observed by Zatman,* using a horse liver preparation of ADH. 


Studies with horse and human liver enzyme 

The presence and activity of “methanol dehydrogenase” was examined in normal 
human liver, obtained post mortem, to see whether this enzymic activity was present 
to account for the production of the toxic agent, formaldehyde. The results, sum- 
marized in Table 3, indicate that human liver oxidizes methanol at a rate comparable 
to that observed in monkey liver. 
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The conflicting reports of Lutwak-mann® on the slow oxidation of methanol by a 
partially purified horse liver ADH preparation, and that of Theorell and Bonnichsen,’ 
and more recently, of Merritt and Tomkins™ and Winer,” on the inability of methanol 
to react with crystalline horse liver ADH, necessitated a detailed examination of the 
purification steps involved in the isolation of horse liver ADH to see whether the 


1/S 
Fic. 3. Competitive inhibition of methanol oxidation by ethanol. Components of the medium were: 
Na-pyrophosphate buffer, pH 88, 0025 M; DPN, 0-003 M; enzyme, 320 ug of protein; substrate 
(methanol and inhibitor (ethanol) as indicated). Final volume, | ml. Temperature of incubation, 
34 C. Time, 10 min. Reaction was stopped by addition of 0-2 ml of 30°, trichloracetic acid and 
formaldehyde, estimated according to Tanenbaum and Bricker.** (1) Control; (2) 10mM ethanol; (3) 
25 mM ethanol; (4) 50 mM ethanol. V = wg formaldehyde formed. § = (methanol) in moles/!. 


methanol-oxidizing activity was lost in any of these steps. Table 3 presents data 
concerning the activities of the various fractions obtained by the purification pro- 
cedure of Brink and Bonnichsen® for ADH. It is seen that the ratios of the ethanol-to- 
methanol-oxidizing ability of the different fractions vary within a relatively narrow 
range; the activity for methanol persisted in the crystals obtained upon ethanol 
fractionation, even after using the modified recrystallization method of Dalziel." 
Furthermore, ultracentrifugal studies showed that this horse liver enzyme preparation 
migrated as a single homogeneous band, under the conditions described in the legend 
to Fig. 4. It may be mentioned that the twice-recrystallized horse liver ADH supplied 
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by C. F. Boehringer, had an ethanol/methanol ratio corresponding approximately 
to our figures and also behaved as a single protein in the ultracentrifuge. 


Activity with TPN as hydrogen acceptor 

During the purification of the dehydrogenase from monkey liver, studies were 
simultaneously made on its specificity towards the pyridine nucleotides. It was 
observed that both methanol and ethanol were also oxidized in the presence of TPN. 
The magnitude of the alcohol-TPN activities are given in Table 4. It may be added 


3. PURIFICATION OF HUMAN AND HORSE LIVER ALCOHOL DEHYDROGENASE 


TABLI 


Human* Horse 


Specific Specific Specific Specific 
Fraction activity activity Ratio activity activity Ratio 
for ADH for MDH A°:B for ADH forMDH_ A:B 
(A) (B) (A) (B) 
(1) Water extract 0-65 0-12 29 0-42 


(2) Supernatant fraction after 1-01 0-18 5-6 5-1 0-85 6-0 
after heat denaturation 


(3) 45-70°, ammonium after 2:79 0-48 5:8 15-9 1-93 82 
sulphate fraction dialysis 


(4) Supernatant fraction after 

ethanol-chloroform precipi- 
tation, concentration, and 
dialysis 


(5) Ethanol crystals 199 33 61 


* Specimen, 3 hr post-mortem, from a 72 year-old white man, who died of congestive heart failure 
secondary to chronic bronchitis 


TABLE 4. PYRIDINE NUCLEOTIDE SPECIFICITY 


Activity with DPN Ratio, DPN/TPN 


(units) 


Activity with TPN 
(units) 


Substrate 


34-0 1-6 


Ethanol 54:5 


41 48 


19-7 


Methanol 


Experimental conditions, as listed in “Methods”, using monkey liver enzyme having a specific 
activity of 26 units/mg of protein, with methanol as substrate. 


that during the purification of horse liver ADH, both methanol-TPN and ethanol- 
TPN activities were found, but the former was invariably destroyed or lost during the 
ethanol-fractionation step, while the latter persisted even after recrystallization. 
Pullman ef a/.™ found that crystalline horse liver ADH exhibited a slight activity 
towards TPN; this amounted to about | per cent of that observed with DPN. Using 
the twice-recrystallized commercially prepared ADH, the ratio of activity of DPN to 
TPN, with ethanol as substrate, varied from 28:1 to 35:1. 


DISCUSSION 
Experiments have been described which suggest that ADH is also capable of 
oxidizing methanol. We used the rhesus monkey for our studies, since, as Roe* has 
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stressed, there is a fundamental difference between the toxic effects of methanol in 
man and those seen in lower animals. In addition, Gilger and Potts'* have shown that 
the signs observed in the rhesus monkey parallel those observed in the human being.* 

An evaluation was made of the dehydrogenase mechanism in the physiological 
oxidation of methanol, using lines of reasoning similar to those employed by Theorell 


and Bonnichsen.’ The rates of the disappearance of methanol in the blood stream of 


monkeys were measured by the method of Agner and Belfrage.'* With an administered 
oral dose of 6 g/kg of body weight, a mean value of 0-00013 per cent per min was 
obtained for the disappearance of methanol from the blood over a period of 22 hr.* 
Since our monkeys had a body weight of approximately 3 kg and a presumed blood 


volume of about 235 ml, it can be calculated that the monkey oxidized a maximum of 


10-45 »zmoles methanol per min, assuming that significant pulmonary and urinary 


losses did not occur. Our best preparations had a specific activity of 26 units/mg of 


protein and, assuming that sufficient DPN is available to saturate the enzyme, it can 
be estimated that the observed elimination rate of 10-45 «moles per min should 
require 166 mg of enzyme. By using a similar argument, and the data in Table |, it 
can be calculated that the aqueous extract of 70 g of liver (the usual weight of a monkey 
liver) contains 48 mg of the enzyme. Thus, there is a somewhat reasonable correspond- 
ence between the calculated amount of enzyme from experiments in vivo and the 
amount of enzyme obtained from data in vitro, especially when one considers other 
tissue sites of oxidation of methanol, the fact that the kinetic data were obtained at 
23 “C, and the probable elimination of some unchanged methanol by both the lung 
and the kidneys 

Further support for the contention that the dehydrogenase mechanism is the 
principal pathway in the oxidation of methanol comes from the observation of the 
competitive inhibitory effect of ethanol. The accepted method of treatment of clinical 
cases of methanol poisoning is to administer both bicarbonate to combat acidosis and 


a large dose of ethanol, the latter exerting its action by delaying the oxidation of 


methanol and thereby facilitating its renal and pulmonary excretion.” Such an effect 
has been demonstrated in experimental cases in man,”’ in monkeys,** and in rabbits." 
In Bartlett's experiments*® with rats, using “C-labelled alcohols, methanol was 
combusted to "CO, at about one-seventh the rate of ethanol. If the catalase mech- 
anism of methanol oxidation were operating, the difference in the rates of oxidation 
of methanol and ethanol would be difficult to explain in view of the fact that both 
alcohols are oxidized at the same rate by catalase in the presence of peroxide. The 
observation of Mannering and Parks" that the oxidation of methanol was unaffected 
in aminotriazole-treated rats, in which liver catalase was depressed by over 90 per 
cent also favors the view that a dehydrogenase mechanism, and not a catalase mech- 
anism, 18S Operating in vivo 

Although it is reasonable to assume that the liver is the principal site of elimination 
of methanol, it is difficult to accept the premise that formaldehyde, the presumed 
toxic agent in methanol poisoning, is formed in the liver and transported to the eye 
where it exerts its effect, since formaldehyde has not been successfully demonstrated 
in the blood in cases of methanol poisoning.** Rather, it is more reasonable to support 
the view that methanol is oxidized in situ in the retina by the retinene reductase present 


* Recent work in this laboratory® has failed to confirm the retinal changes and metabolic acidosis 
found by Gilger and Potts"* in methanol-poisoned rhesus monkeys 
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in the rods and cones; this enzyme Wald” believes to be identical with ADH. Indeed, 
crystalline horse liver ADH oxidizes vitamin A to retinene.* The relative rates of 
oxidation of methanol and/or formaldehyde by the retina of different species may 
hold the clue to the species difference seen in the ocular damage in cases of methanol 
poisoning. To date, we have not been able to test this hypothesis because of the 
unavailability of suitable human material. 

Our finding that ADH from horse liver, purified and recrystallized to the stage of a 
homogeneous protein in the ultracentrifuge, still oxidized methanol was surprising 
since various authors’: *'» * have presented data that this enzyme exhibits no activity 
towards methanol. 

In the work of Merritt and Tomkins® and of Winer*® the explanation for their 
inability to observe methanol oxidation with crystalline ADH would appear to lie in 
the low methanol concentration (0-001M) used in their studies. In the work of 
Theorell and Bonnichsen,’ however, no immediate explanation is apparent. We can 
only speculate that repeated ethanol crystallizations perhaps caused some structural 
modification of the protein which resulted in a loss of methanol-oxidizing ability. 


Acknowledgements—We are indebted to Dr. F. M. Richards for the ultra-centrifugation studies. 
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Abstract—6-Azauracil, an analog of uracil which is an inhibitor of the growth of a num- 
ber of experimental murine neoplasms and of several species of bacteria, prevents the 
reproduction of 7. equiperdum in mice. This action results in growth suppression 
without trypanocidal sequelae. When treatment is stopped, the drug is rapidly cleared 
from the body, and the rate of reproduction of the trypanosomes rapidly returns to 
normal. The potency of a given dose of 6-azauracil is significantly enhanced when infected 
mice are fed a diet totally lacking in purines and pyrimidines. Conversely, the inhibitory 
activity of the analog is partially reversed when infected mice are fed a diet supple- 
mented with uracil. The ribonucleoside of 6-azauracil, i.c. 6-azauridine, a much more 
potent inhibitor of the growth of certain transplanted neoplasms in mice than is 
6-azauracil, does not inhibit the growth of 7. equiperdum in the same species. Also, 
experiments with 7. eqguiperdum in vitro have shown that 6-azauracil is at least 100 times 
more potent than 6-azauridine as an inhibitor of orotidylic acid decarboxylase, an 
enzyme selectively inhibited by the ribonucleotide of 6-azauracil (i.e. 6-azauridine- 
5’-phosphate) 


6-AZAURACIL (AzU) was originally synthesized':* in the hope that, as a potential 
antagonist of uracil, it might be useful in cancer chemotherapy. It inhibited the 
growth of a number of experimental murine neoplasms*~* and several species of 
bacteria.’ * Studies of the mechanism of its action revealed that the analog does not 
act directly as an antagonist of uracil. Rather, it interferes with de novo-biosynthesis 
of pyrimidine derivatives by being converted to 6-azauridine 5'-phosphate (AzU MP), 
which inhibits the enzymic decarboxylation of orotidylic acid to uridylic acid.* '° 
Thus, only those cells will be adversely affected by the antimetabolite which 
possess the ability to synthesize uridylic acid from preformed uracil or uridine (since 
the same pathways are followed by the analog), while at the same time depending 
primarily upon de novo-biosynthesis of uridylic acid for their pyrimidine 
requirements. 

Canellakis" has shown that there are two enzymic pathways of uracil anabolism. 
One, which seems to be characteristic of all mammalian cells studied so far, converts 
uracil to uridine by means of a nucleoside phosphorylase in the presence of ribose-l- 
phosphate. Uridine is then converted to uridine monophosphate (U MP)and to deriva- 
tives with additional phosphate groups by means of uridine kinases. The other 
pathway, disclosed in a number of bacterial species,’: ' converts uracil directly to 
UMP by means of uracil phosphoribosyl-pyrophosphorylase in the presence of 
pyrophosphoryl-ribosy!-5'-phosphate (PRPP). 

*Present address: Department of Pharmacology, University of Vermont College of Medicine, 
Burlington, Ut. 
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The data presented herein indicate that 6-azauracil, but not its ribonucleoside 
(6-azauridine (AzUR)), prevents the reproduction of 7. equiperdum in mice, and, 
furthermore, that on a molar basis AzU is at least 100 times more potent than AZUR 
in its ability to inhibit the decarboxylation of orotidylic acid by 7. equiperdum incu- 
bated in vitro. 


MATERIALS AND METHODS 

Ha/ICR Swiss female mice were inoculated intraperitoneally with 1 x 10° 
trypanosomes, obtained from the blood of infected mice and suspended in isotonic 
saline solution fortified with 1°, glucose. In untreated mice death invariably occurred 
between 55 and 70 hr after inoculation. Drug treatment of each group of ten mice was 
begun within } hr following the inoculation of the trypanosomes. The dosage schedule 
employed depended upon the drug under investigation and will be indicated later in 
the text. The duration of treatment was generally 6 days; any deviation from this 
time will also be indicated. 

Studies of the effects of AzU and AzUR upon the ability of intact trypanosomes 
to convert orotidylic acid in vitro were designed as follows: 50-55 x 10° trypanosomes 
suspended in Krebs phosphate buffer (pH 7-3) were placed in each of a series of 
Warburg vessels, together with 0-1 ml of a given molar concentration of AzU or 
AzUR, 0-1 ml of 2°, glucose, and sufficient Krebs phosphate buffer (pH 7:3) to make 
a final volume of 2:5 ml. Each center well contained 0-2 ml of 2 N NaOH to trap 
4CO,. One side-arm of each vessel contained 0-3 ml of 6 N HCIO, to stop the reaction 
at the end of the incubation period. Thus prepared, the vessels containing the trypano- 
somes were pre-incubated for 10 min in a Dubnoff shaker at 37 °C. At the end of the 
pre-incubation period, orotic acid-7-C (0-1 ml of a solution having a specific activity 
of 1-12 « 10° counts/min per »mole per 0-1 ml) was added, and the mixture was 
allowed to incubate for an additional hour. At the end of the incubation period, the 
reaction was stopped by tipping in the perchloric acid solution. After allowing ten 
more minutes for stabilization, an aliquot of 0-1 ml of NaOH was removed from the 
center well of each vessel and placed in a glass vial into which was also introduced 
10 ml of a counting mixture containing a phosphor*. Radioactivity, in the form of 
4CO,, was measured in a liquid scintillation counter (Technical Measurements 
Company). 


RESULTS 


Effects of various schedules of equivalent daily doses of AzU injected intraperitoneally 

It was found previously that the antitumor activity of AzU was highest when the 
compound was given to mice for 6 days in the drinking water or when the comparable 
total daily dose (750 mg/kg) was injected parenterally in three equal portions at 8-hr 
intervals. It was decided at the outset, however, to treat mice infected with 7. equi- 
perdum by parental administration of AzU at a higher dose level (960 mg/kg per day), 
since this amount is roughly equivalent to that imbibed when mice are permitted to 
drink a solution of AzU at a concentration of 8 mg/ml, its maximum solubility at 
20 °C. This was done in order that the activity of the most effective parenteral dosage 
regimen could later be compared with that of the highest oral dose available to the 


* Toluene-absolute ethanol (2:1) counting mixture containing 0:27°, DPO (2:5-diphenyl-oxazole) 
and 0.0033°, POPOP (1 :4-di-(2-(5-p henyloxazole))-benzene) (Pilot Chemicals, Waltham, Mass.) 
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mice ad libitum. Table | shows the relation between dosage schedule, duration of 
treatment, and the ability of a particular daily dose of AzU to prolong the lives of 
infected mice. It can be seen that the best results were obtained in every instance when 
AzU was injected every 8 hr. The optimal duration of treatment with this dose of AzU 
appeared to be 6 days, in keeping with an earlier finding that, at this concentration, 
the toxicity of AzU becomes too severe if treatment is prolonged beyond this point. 


TABLE |. EFFECT OF 6-AZAURACIL ON SURVIVAL TIME OF MICE INFECTED WITH 
T. equiperdum—1|. VARIOUS SCHEDULES OF EQUIVALENT DAILY DOSAGE INJECTED 
INTRAPERITONEALLY 


Interval between Duration of 
Dose injections treatment Survival time 
(mg/kg) (hr) (days) (hr) 


61 l 
960 24 7 144 3 
480 12 7 168 5 
320 7 5 


960 2 
480 12 6 153 
320 


960 
480 12 5 150 + § 
320 


* Standard error of the mean 


TABLE 2. EFFECT OF 6-AZAURACIL ON SURVIVAL TIME OF MICE INFECTED WITH 
T. equiperdum—Il. COMPARISON OF [EQUIVALENT DAILY DOSES ADMINISTERED 
PARENTERALLY AND ORALLY 


Route of Day of onset 
Dose administration of treatment Survival time 
(hr) 


56 


320 mg/kg every 8 hr; 
8 mg/ml water ad /ib oral l 128 + 6 
for 5 days 


* Standard error of the mean. 


Comparison of equivalent daily doses of AzU administered parenterally and orally 

Table 2 shows that the parenteral administration of AzU at 8-hr intervals is more 
effective than is treatment by permitting infected mice to drink a solution of AzU 
ad libitum, even though the total dose received daily was found to be roughly equiva- 
lent. AzU is excreted quite rapidly,* and these results indicate that in order for the 
antimetabolite to exert its full effect upon the trypanosomes, adequate blood levels 
Ust be maintained with more precision than is afforded by ingestion of the drug 
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ad libitum. \n addition, it can be seen that maximal effectiveness was obtained when 
treatment was started shortly after the trypanosomes were injected into the mice. 
A delay of 24 or 48 hr before the onset of treatment was reflected in a subsequent 24- 
or 48-hr decrease in the expected survival time. 


TABLE 3. EFFECT OF 6-AZAURACIL ON SURVIVAL TIME OF MICE INFECTED WITH 
T. equiperdum—\|l1. ErricACyY OF INCREASING CONCENTRATIONS INJECTED INTRA- 
PERITONEALLY 


Dose 
(mg/kg per 8 hr) Survival time 
for 6 days (hr) 


80 


160 
320 


* Standard error of the mean 


ol. 8 
961 


TABLE 4. EFFECT OF 6-AZAURACIL ON SURVIVAL TIME OF MICE INFECTED WITH 
T. equiperdum—\V. OF INCREASING DURATION OF TREATMENT WITH 
UNIFORM DOSE (250 MG/KG PER 8 HR) INJECTED INTRAPERITONEALLY 


Days of treatment Survival time (hr) 


0 


5 


* Standard error of the mean. 


Effect of increasing concentrations of AzU injected intraperitoneally 

The cumulative 6-day dose of AzU employed in experiments described so far was 
known to be close to the minimal lethal dose determined for this period of treatment. 
Consequently, a study of the relationship between dose and therapeutic response was 
made in order to ascertain whether a lower and safer dose might be selected for future 
experiments. Table 3 indicates the positive correlation between increasing dose and 
therapeutic efficacy. Considering the parameters of therapeutic efficacy and host 
toxicity, it was judged that that dose of AzU previously found to have the highest 
antitumor activity with minimal host toxicity, namely, 250 mg/kg per 8 hr for six 
consecutive days, should also be satisfactory in experiments with mice infected with 


T. equiperdum. 


70 + 1* 
= 96 + 5 
132 8 
178 7 
56 + 0* 
81 
94 +1 
3 1241 
4 133 +2 
5 159 3 
y 6 184 6 
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Effect of increasing duration of treatment with a uniform dose (250 mg AzU/kg per 8 hr) 

Table 4 shows that the survival time of infected mice was prolonged approximately 
24 hr as a result of each day's treatment with AzU. These results indicate that AzU 
suppresses the growth of the trypanosomes, but fails to kill the parasites, since Chen 
et al.“ have demonstrated that survival time is directly proportional to numbers of 
viable trypanosomes in the peripheral blood. Concomitant studies on changes in the 
numbers of trypanosomes in the blood of mice treated with AzU demonstrated that 
in the presence of therapeutic levels of the drug, reproduction of the organisms was 
almost completely suppressed. When treatment was terminated and the drug was 
essentially cleared from the body, reproduction recommenced without lag and 
proceeded at the normal rate of one doubling of the preexisting population approx- 
imately every 4-6 


TABLE 5. EFFECT OF DIET ON 6-AZAURACIL-INHIBITION OF 7. equiperdum IN MICE* 


Regimen Survival time (hr) 
Powdered Lab Chow (PLC) 
Purine and pyrimidine-free diet (PFD) ; l 
PLC and AzU (inj.) 7 
PLC and AzU (oral) 6 
PFD and AzU (inj.) 
PFD and AzU (oral) 2 10 
PLC and 1°, 


PLC and 1°, U and AzU (inj) 102 + § 


* 6-Azauracil was administered either intraperitoneally (250 mg 
kg per 8 hr) or orally (0-5°, solution vailaable ad libitum), start- 
ing | br after the intraperitoneal injection of approximately | 
10° trypanosomes per mouse and continuing for six con- 
secutive days 

* Standard error of the mean 


Effect of diet upon the activity of Azu 

It has been mentioned that the action of AzU upon susceptible cells is attributable 
to its anabolism to azauridylic acid and its interference in this form with the bio- 
synthesis de novo of pyrimidines, by way of inhibition of orotidylic acid decarboxylase. 
Since the available evidence indicates that the anabolism of azauracil and the normal 
counterpart, uracil, proceeds along the same pathway, the potency of the antimeta- 
bolite should be affected by the amount of uracil supplied exogeneously. Table 5 
shows the results of such an experiment. Mice infected with trypanosomes either were 
treated with AzU or served as controls. In one series, the animals were given a diet 
complete in all respects (vitamins, minerals, fat, carbohydrates and protein), but 
totally lacking in purines and pyrimidines. In another series, the usual diet, Purina 
Lab Chow, was provided in powdered form to approximate the consistency of the 
test diets. In a third series, the animals were given powdered Purina Lab Chow to 
which uracil (1°,,) had been added. The findings indicate that the growth-suppressing 
activity of a given dose of AzU was considerably enhanced when the infected animals 
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concomitantly ate a diet lacking in purines and pyrimidines. Conversely, the activity 
of AzU was partially reversed when infected mice ate a diet rich in uracil. The test 
diets per se apparently had no influence upon the fate of the infected mice. It is also 
apparent that in the presence of a reduced amount of pre-formed uracil, the activity 
of AzU given orally ad libitum is roughly equivalent to that following parenteral 
administration. 


TABLE 6. COMPARISON OF THE ABILITY OF AzU AND OTHER ANTIMETABOLITES TO 
PROLONG THE LIVES OF MICE INFECTED WITH 7. equiperdum 


I.P. dosage 
Compound mg/kg per day Dose schedule Per cent increase 
for 6 days in survival time* 


Pyrimidine derivatives 


6-Azauracil 750 t. i. d. 250 
5-Fluorouracil 25 qd 25 
6-Uracil methyl! sulfone 150 2.4 23 
6-Azathymine 450 qd 21 
5-lodo-2’-deoxyuridine 150 qd 13 
6-Methyluracil 960 .& & 9 
5-Nitrouracil 960 t. i. d. 0 
Pyrimethamine (03°, 0 


in powdered I ab Chow) 
6-Azauridine 2 


Purine derivatives 


6-Mercaptopurine 30 ad 37 
Psicofuranine 800 single injection 30 
6-Selenopurine 25 qd 20 
Psicofuranine 100 b. i. d. 


Folic acid antagonist 
Methotrexate 15 qd 18 


Antibiotics 


Puromycin 200 single injection curative 
Azaserine 5 qd 50 
Chloramphenicol qd 0 


Alkylating agent 
Uracil mustard 5 qd 0 


Agents which interfere with 
glycolysis 
2-Deoxy-b-glucose 


0 
in powdered Lab Chow) 
400 


qd 5 


N-Acetylglucosamine 


* The average survival time of mice receiving approximately | 10° trypanosomes by intra- 
peritoneal injection is 60 hr 


Effect of other antimetabolites on T. equiperdum in vivo 

Of various antimetabolites tested in the past, only puromycin (Stylomycin) 
(6-dimethylamino-9- (3'-deoxy-3'- 
syl)purine)—and the corresponding aminonucleoside—have been shown thus far to be 
effective against the growth of several species of trypanosomes both in vitro and 
in vivo.“~" Having now established that the pyrimidine analog, AzU, is active 
against 7. equiperdum in vivo, it was of interest to determine whether other anti- 
metabolites of different character and mechanisms of action might also be effective. 
Table 6 shows that the number of antimetabolites capable of prolonging the lives of 
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infected mice to a significant degree remains small. Puromycin stands out as the only 
curative, trypanocidal agent in this series. Of the remainder, AzU is distinguished by 
its potent growth-suppressing action, with azaserine exhibiting activity of only 
borderline therapeutic significance. Most of the antimetabolites studied were admin- 
istered at maximal tolerated doses for the standard 6-day treatment period. It should 
be noted that one compound, 6-azauridine (AzUR), which was given at a level twice 
that previously found to have maximal antitumor activity in mice, was completely 
ineffective. Before this result could be interpreted in a definitive way, it remained to be 
determined whether the primary biochemical mechanism of action of AzU was the 
same in 7. equiperdum as that found in cells of mammalian origin. * ' 


TABLE 7. THE EFFECT OF 6-AZAURACHL (AzU) AND 6-AzAuURIDINE (AZUR) UPON 
THE CONVERSION OF OROTIC ACID-“COOH* to “CO, By T. equiperdum in vitro 


Conc. of analog “CO, recovered Inhibition 
(umole ml) (counts/min) (7) 


0 Pa Ps 


79 94 
0-18 92 
0-09 159 87 


0-045 


0% 


0 2377 
0-02 855 64 


0-01 1193 sO 
Azt 0-005 1399 41 
0-002 1804 24 


0-00! 1957 


AzUR 1934 


0-18 


* The incubation medium in each flask contained 0-1 mi of 
orotic acid-"“COOH (0-1 umole: 1-1 counts min) 


Effect of AzU and AzUR upon the ability of intact trypanosomes to convert orotit 
acid-“COOH to uridine nucleotides and “CO, in vitro 

The methodology of these experiments has already been described. Under the 
conditions set forth, AzU on a molar basis was at least 100 times more active than 
AzUR in its ability to interfere with the decarboxylation of, presumably, orotidylic 
acid (Table 7). The possibility exists that the very small amount of activity exhibited 
by AzUR at the highest concentrations used could be due to contamination with 
trace amounts of the free base, since, as can be seen in Table 7, only 0-002 «moles of 
AzU per ml of medium (0-226 ug/ml) would cause approximately 25 per cent inhibition 
of orotidylic acid decarboxylase activity. In these studies, the pertinent enzyme, its 
immediate substrate, and the non-gaseous products of the reaction were not isolated 


and characterized, but only inferred on the basis of earlier experience with other cells. 
In other experiments, the details of which will be published later, these substances 
have been identified, and the results have confirmed the present interpretation in 
every detail. In addition, there is clear evidence that the observed difference in activity 


of AzU and AzUR in vitro is not due to differences in permeability, since both 
compounds readily enter viable trypanosomes by passive diffusion.'* 
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DISCUSSION 

While nucleic acid antagonists have been designed primarily as agents with potential 
usefulness in cancer chemotherapy, studies of their mechanisms of action in neoplastic 
cells can lead to knowledge which may be applied to investigations concerning the 
nature of growth and development of other living systems. Thus, in this instance, the 
sensitivity of 7. equiperdum to the action of the pyrimidine analog, 6-azauracil, 
elucidates a facet of the metabolism of this micro-organism which hitherto was un- 
known. It can now be suggested with a considerable degree of confidence that this 
species of trypanosome depends primarily upon de novo-biosynthetic reactions for 
its pyrimidine requirements, while possessing at the same time a limited ability to 
assimilate preformed uracil. The inability of AzU to cause the death of these protozoa, 
although it prevents their reproduction, may be due to the fact that sufficient uridylic 
acid is formed from the anabolism of the limited amount of preformed uracil available 
to provide pyrimidine-containing cofactors necessary for vital functions. Also, it may 
be inferred that 7. equiperdum lacks or is deficient in the enzyme uridine kinase, since 
6-azauridine (the ribonucleoside) is completely inactive as an inhibitor of the pro- 
liferation of this organism. This enzymic deficiency in 7. equiperdum stands in 
contrast to the observation that uridine kinase is present in all cells of mammalian 
origin thus far studied."’ 

The sensitivity of 7. equiperdum to the action of AzU does not indicate necessarily 
that this antimetabolite will be effective against other species of trypanosomes. For 
example, if, as has been reported, 7. cruzi depends primarily upon preformed 
pyrimidines for its requirements,’* it can be predicted that AzU will not be an 
effective inhibitor of the growth of this pathogen. Whether other pathogenic protozoa 
are susceptible to the action of AzU is a matter for future investigation. 
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PHARMAKOLOGISCH WIRKSAME LIPOIDLOSLICHE 
SAUREN IN HIRNEXTRAKTEN: ISOLIERUNG VON 
LYSOPHOSPHATIDSAURE UND GANGLIOSID 


H. KirscHNer und W. 


Pharmakologische Abteilung der Medizinischen Forschungsanstalt der 
Max-Planck-Gesellschaft, Gottingen 


(Received 28 April 1961) 


Abstract—The occurrence of pharmacologically active lipid-soluble acids in brain has 
been investigated. Chloroform extracts from brain of horse, rabbit and guinea pig 
stimulated smooth muscle preparations. By chromatography of horse brain extracts on 
silicic acid and on ion exchange resins three active fractions were obtained. From two 
of these, the active compounds were isolated and identified as lysophosphatidic acid and 
ganglioside, respectively. The third fraction probably consisted of unsaturated fatty 
acids 


PHARMAKOLOGISCH aktive Phosphatidsduren und andere saure Phospholipide wurden 
bislang nur in Darmgewebe—als wirksame Bestandteile von Darmstoffextrakten 

nachgewiesen.':* Im Hinblick auf die erstmals 1956 geiusserte Vermutung, dass 
Phosphatidsiuren als Carrier fiir den Kationentransport durch Zellmembranen 
funktionieren kénnen,*:* schien es interessant, nach solchen Stoffen auch in anderen 
Organen, spezicll in funktionell aktiven, zu suchen. Im folgenden wird iiber die 
Isolierung von pharmakologisch wirksamer Lysophosphatidsdure und Gangliosid 


aus Gehirn berichtet 


METHODIK 
Extraktion der Gehirne 

Die frischen Pferdehirne wurden nach dem von Bligh und Dyer‘ urspriinglich fiir 
Fischfleisch ausgearbeiteten Verfahren mit Chloroform, Methanol und Wasser in 
einem Ultra-Turrax TP 45/2 homogenisiert. Dabei legten wir einen Wassergehalt des 
Gewebes von 80°, zugrunde und benutzen insgesamt zwei ml Chloroform, zwei ml 
Methanol und ein ml Wasser je g Frischgewebe. Nach dem Abnutschen des Ansatzes 
wurde die Chloroformschicht von der Wasser-Methanol-—Phase abgetrennt, unter 
Vakuum einer Wasserstrahlpumpe eingedampft und der Riickstand zur Chromato- 
graphie in 200 oder 400 ml Chloroform aufgenommen. 


Chromatographie an Kieselgel 

Kieselgel (Mallinckrodt) (80 bis 200 g) wurde mit der gleichen Gewichtsmenge 
Celite gemischt und als Suspension in Chloroform in ein Chromatographierohr von 
6 cm ¢ gefillt. Die Sdulen wurden zunichst mit anderen Lipidextrakten beladen, um 
sie zu “altern”.® dann mit Methanol eluiert und mit Chloroform regeneriert. Die 
Pferdehirnextrakte wurden in Chloroformlésung auf die gealterten Sdulen gegeben 
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und wie friiher angegeben mit stufenweise verinderten Chloroform—Methanol- 


Gemischen eluiert.® 


Chromatographie an lonenaustauschern 

Wir benutzten als Kationenaustauscher Dowex 50 « 4(100-mesh) in der H*-Form, 
als Anionenaustauscher FEcteola-Cellulose (Schleicher & Schiill) in der OH~-Form. 
Eine Dowex-Siule und eine Ecteola-Siule wurden hintereinander geschaltet. Die zu 
fraktionierenden Extrakte wurden, in Chloroform—Methanol—Wasser (4 : 8 : 1 v/v) 
gelést, auf den Kationenaustauscher gegeben und mit dem gleichen Lésungsmittelge- 
misch durch beide Siulen getrieben. Dann wurde die Ecteola-Saiule mit einem linear 
ansteigenden NaCl-Gradienten (bis 1°,, NaCl) eluiert. Den Gradienten stellten wir 
durch kontinuierliches Zufliessenlassen von 700 ml Chloroform—Methanol-—13°,, 
NaCl-Lésung (4 : 8 : | v/v) zu 700 ml des kochsalzfreien Gemisches in einem offenen 
Mischgefiss her.’ 


Papierchromatographie 

Phospholipide wurden auf Formaldehyd-impragniertem Papier nach der Methode 
von Hérhammer ef a/.* bei 9° chromatographiert. Das Papier stellte Dr. Wagner, 
Miinchen, freundlicherweise zur Verfiigung. Chromatogramme auf unbehandeltem 
Schleicher und Schill Papier 2043 b (gewaschen) entwickelten wir bei Raumtemperatur 
aufsteigend mit Methylathylketon—Diathylamin—Wasser (60 : 3 : 20 v/v),°n-Propanol- 
konz. Ammoniak-—Wasser (6:3:1 v/v)'® oder Chloroform—Lutidin—Eisessig 
(4:4: 1 v/v)." Die je Fleck aufgetragene Substanzmenge betrug meist 100, selten 
150 eg. 

Phosphat wurde auf dem Papier mit dem Molybdatreagens von Hanes und Isher- 
wood'® sichtbar gemacht. Aminogruppen fiarbten wir mit Ninhydrin an, Lipide mit 
Rhodamin B.'* 


Analytische Methoden 

Phosphor bestimmten wir nach Bartlett,’’ Esterbindungen mit der Hydroxam- 
siuremethode von Rapport und Alonzo,’* wobei wir Lysolecithin als Standard- 
substanz benutzen. Neuraminséure wurde nach Bohm et bestimmt, als Standard 
diente ein von Professor Klenk freundlicherweise zur Verfiigung gestelltes Gangliosid- 
Praparat. Die Medizinische Klinik der Universitét Gottingen fiihrte die flammen- 
fotometrischen Na-Bestimmungen durch. 

Die fotometrischen Messungen erfolgten in einem Unicam S. P. 500 Spektrofoto- 
meter. 


Milde alkalische Hydrolyse 

Phospholipidfraktionen wurden nach Dawson'* mit NaOH bei 37° behandelt und 
die resultierenden wasserléslichen Phosphorsiureester durch zweidimensionale 
Papierchromatographie unter Benutzung der von Maruo und Benson" angegebenen 
Lésungsmittel charakterisiert. 


Pharmakologische Wirksamkeit 

Als Mass diente die kontraktionsverstirkende Wirkung am isolierten Kaninchen- 
darm, die wie friiher bestimmt wurde.'* Als Darmstoff-Standard benutzten wir ein 
Praparat aus Pferdedarm, H,,. 
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Prdparate 

Fiir den chromatographischen Vergleich mit der isolierten Lysophosphatidsaure 
Standen uns folgende Priiparate zur Verfiigung: Lysophosphatidsdure,'* durch 
Bromolyse'® gewonnen: Phosphatidsdure, aus Eilecithin durch Einwirkung von 
Phospholipase D dargestellt, unter Verwertung der Erfahrungen anderer Autoren.2°~-22 
Plasmalogensidurehaltige Phosphatidsiure wurde in gleicher Weise aus Rinder- 
herzlecithin hergestellt. Mono- und Di-Phosphoinositid iiberliess uns Herr Dr. 
Wagner, Miinchen, freundlicherweise. Gangliosid Herr Professor Klenk, Kéln. 


ERGEBNISSE 

Zuniichst hatten wir Hirne von Kaninchen und Meerschweinchen untersucht, die 
gefriergetrocknet und dann mit Chloroform—Methanol (4:1 v/v) im Soxleth 
extrahiert wurden. Die tief braunen Lipidextrakte iiberfiihrten wir in Chloroform- 
lésung und fraktionierten sie an Kieselgel (5 g) mit 50 ml Chloroform und je 50 ml 
folgender Gemische: Chloroform—Methanol (9 : | y Vv; 4: 1 v/v; 3:2 v/v; 1:4 v/v). 
Die Chloroform-Methanol (9 : 1) Fraktionen enthielten regelmassig ein Maximum 
darmerregender Wirkung, wahrend die Aktivitit der librigen Fraktionen stark 
wechselte. In der Dissertation von Kirschner® sind die Ergebnisse naher beschrieben. 

Dieses Extraktionsverfahren schien durch den ausgedehnten Kontakt der Gewebe 
mit Luft und durch die erhéhte Extraktionstemperatur sekundare Veranderungen der 
Lipide zu begiinstigen. Deshalb wandten wir die schonender und schneller arbeitende 
Methode von Bligh und Dyer* an, bei der das frische Gewebe ohne Trocknung kalt 
extrahiert wird. Zwei Pferdehirne, von 485 und 610 g Gewicht, wurden auf diese 
Weise aufgearbeitet. Als Beispiel werden im folgenden der Verlauf und die Ergebnisse, 
die mit dem 610 g schweren Gehirn (Versuch 6) erhalten w urden, beschrieben. 


Fraktionierung an Kieselgel 

Aus dem Gehirn von Versuch 6 erhielten wir 50 g Rohlipid. Wegen der grossen 
Menge trennten wir daraus zuerst nach der Methode von Borgstrém™ die wenig 
polaren Nicht-Phosphatide chromatographisch ab. Die erhaltene Phospho- und 
Glycolipidfraktion wog 27,8 g. Die Halfte davon wurde in 220 ml Chloroform 
Methanol (9 : | v/v) gelést und an einer mit je 200 g SiO, und Celite gefiillten Saule 


fraktioniert. 

Abb. | zeigt, dass zwei Maxima darmerregender Wirkung auftraten, ein mit 
Chloroform-Methanol (9 : 1 v/v) und ein mit (1 <4 \ v) eluiertes. Der das erste 
Maximum umfassende Inhalt der Rohre 20 bis 60 wurde vereinigt und als Fraktion 
“91" weiter bearbeitet. Zur weiteren | ntersuchung der mit (1 :4 v/v) eluierten 
Wirkstoffe wurden die Rohre 10 bis 35 gesammelt (Fraktion 14"). Fraktion 91 wog 
9 g und enthielt 610.000 Darmstoff-Einheiten, Fraktion 14 hatte 0,08 g Lipidmasse 
mit 214.000 Darmstoff-Einheiten. 


Isolierung von Lysophosphatidsdure aus Fraktion 9] 


(a) Jonenaustauschchromatographie 

Um die vermutlich sauren Wirkstoffe der Fraktion 91 von anderen Lipiden, die 
ebenfalls mit Chloroform-Methanol (9:1 v/v) aus Kieselgel-Sdulen eluiert werden 
(z.B. Cholesterinester, Cerebroside) zu trennen. versuchten wir die lonenaustausch- 


chromatographie. 
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Ass. |. Chromatographie der Phospho- und Glycolipidfraktion aus Pferdehirn (Versuch 6) an 

SiO,. Elution mit je 1000 ml Chloroform-—Methanol (9:1 v/v; 4:1 v/v; 3:2 v/v; 1:4 v/v). Wirkung der 

erhaltenen Fraktionen am isolierten Kaninchendarm. Proben von je 10 Fraktionen wurden zur 

biologischen Auswertung zusammengefasst. Die Ordinate gibt die Kontraktionshéhe des Test- 
darms in cm. an 


Fraktion 91 I Fraktion 9111 


Ass. 2. lonenaustauschchromatographie von Fraktion 91. Elution der Ecteola-Saule mit einem 
linearen Kochsalzgradienten von 0-1°,, NaCl-Gehalt (Zur Darstellung des Gradienten siehe Meth- 
odik). Die sufgefangenen Eluatfraktionen betrugen jeweils 20 ml. Proben von je 10 Fraktionen wur- 
den fiir die biologische Auswertung zusammengefasst. Oben: Wirkung der Sammelfraktionen am 
Kaninchendarm. Die Ordinate gibt die Kontraktionshéhe in cm. an. Darunter: Anstieg der NaCl- 


Konzentration in der Elutionsflissigkeit in Prozent 
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Die sauren Phospholipide werden vom Anionenaustauscher nur dann sicher 
adsorbiert, wenn ihre sauren Gruppen nicht durch Ca** oder andere Kationen 
blockiert sind. Wir schalteten deshalb der Anionenaustauschsdule (Ecteola) einen 
Kationenaustauscher (Dowex 50) vor 

Die Halfte der Fraktion 91, in 50 ml Chloroform—Methanol-Wasser (4 : 8 : I v/v) 
gelést, wurde durch eine mit Dowex 50 gefiillte Saule (2 cm ¢, 25 cm hoch) und eine 
dahinter geschaltete Ecteola-Siule (4 cm ¢, 70 cm hoch) filtriert und mit insgesamt 
1500 ml des gleichen Lésungmittelgemisches nachgewaschen. Die durchgelaufenen 
Lésungen und das aus der Dowex-Sdule gewonnene Eluat hatten keine darmerregende 
Wirkung und wurden verworfen. Die an die Ecteola-Siule adsorbierten sauren 
Extraktstoffe wurden nun mit einem von 0-1°, ansteigenden NaCl-Gradienten und 
weiter mit 1°, NaC! in Chloroform—Methanol-Wasser eluiert. Wie Abb. 2 zeigt, 
enthielt das Eluat die darmerregende Wirkung, in zwei Zonen aufgetrennt. 

Fraktion 91 1. Die das erste Maximum enthaltenden Fraktionen 35 bis 60 (520 ml) 
wurden als Fraktion 91 I vereinigt. Da der hier vorhandene Wirkstoff sich schon mit 
geringen NaCl-Konzentrationen von der Siiule eluieren liess, handelte es sich offenbar 
um eine schwache Sdure. Die wirksame Substanz enthielt keinen Phosphor und lief 
im Chromatogramm auf Formaldehydpapier fast mit der Lésungsmittelfront. Es 
diirfte sich um pharmakologisch wirksame Fettsdéuren handeln, mit deren Vor- 
handensein in Chloroform-Methanol-9 : 1)-Fraktionen von Lipidextrakten zu 
rechnen ist.° 

Fraktion 91 It. Als Fraktion 91 II fassten wir die Lésungen der Rohre 70 bis 95 
zusammen (520 ml). Wir entfernten das vorhandene Kochsalz durch Verteilung des 
eluierten Materials zwischen Butanol und Wasser und gewannen aus der Butanollé- 
sung 77 mg einer phosphorhaltigen Substanz. Sie zeigte im Papierchromatogramm 
einen Fleck, der sich mit Rhodamin und Phosphatreagens anfiarben liess, aber mit 
Ninhydrin nicht reagierte. Die Lage entsprach der von Phosphatidsdéure. Wir versuch- 
ten daraufhin, die vermutete Phosphatidsdure aus alkoholischer Lésung als Na-Salz 
zu fiillen.2° Da die Substanz mit NaCl aus der Anionenaustauschersdule eluiert 
worden war, musste sie bereits als Na-Salz vorliegen. 46 mg des Materials wurden in 
0.5 ml Chloroform gelést und mit 4 ml absolutem Alkohol versetzt. Nach zwei- 
stiindigem Stehen bei — 20° wurde der gebildete weisse Niederschlag abzentrifugiert 
und mit 3 ml Alkoho! gewaschen. Wir erhielten 29 mg eines nahezu weissen, hygro- 
skopischen Stoffes, mit folgenden Analysenwerten: C = 53,3°,;H = 8,7%);N = 0%; 
P — Na — 6.88°,. Nach Umfillen aus Chloroform mit Alkohol stieg der 
P-Wert auf 6,0°,,. Pro Mol Phosphat war eine Esterbindung vorhanden (Ester/P 
0.92), Fettaldehyde liessen sich nicht nachweisen. Die Substanz war in Chloroform 
und Wasser léslich, in Alkohol auch bei Zimmertemperatur unldslich. In Papier- 
chromatogrammen lief sie einheitlich und hatte den gleichen Re-Wert wie durch 
Bromolyse gewonnene Lysophosphatidsdure (Abb. 3). Von Cholinphosphatiden und 
Kephalinen unterschied sie sich durch das Fehlen von Stickstoff, von Phosphoinositi- 
den durch andere Wanderung im Papierchromatogramm, von Cardiolipin-dhnlichen 
Polyglycerophosphatiden durch die starke Wirksamkeit und Unldslichkeit des 
Na-Salzes in Alkohol. Nach milder alkalischer Hydrolyse’* wurde kein lipoidlésliches 
Phosphat mehr gefunden, nur ein wasserléslicher Phosphatester, der papierchromato- 
graphisch von a-Glycerophosphat nicht unterscheidbar war 
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Nach den gewonnenen Daten handelte es sich um das Na-Salz einer Lysophosphatid- 
sdure. Auf Grund des gefundenen molaren Na/P-Verhdltnisses von 1,65 war ein 
Gemisch von 35°, Mono- und 65°,, Di-Natriumsalz anzunehmen. 
Kaninchendarmpraparate reagierten noch auf Konzentrationen von 4 x 10-° 
des Na-Salzes mit Kontraktionsverstirkung und ,Tonuserhéhung, Am Meer- 
schweinchenileum waren erst 50 fach starkere Konzentrationen wirksam. Die hohe 


3 


Ass. 3. Papierchromatogramme auf Formaldehydpapier (H6rhammer, Wagner und Richter). 
(1) Aus dem Pferdehirn isolierte Lysophosphatidsdure, Na-Salz 
(2) Durch Bromolyse gewonnene Lysophosphatidsdure, Na-Salz 
(3) Darmstoff aus Pferdedarm (H,,) 
(4) Monophosphoinositid 
(5) Diphosphoinositid 
Phosphatfarbung nach Hanes und Isherwood 


Aktivitaét bestand nur, wenn die Substanz in Wasser oder Kochsalzlésung angewandt 
wurde. Beim Aufnehmen des Stoffes in Tyrodelésung bildete sich eine Triibung aus, 
und die Wirkung war um etwa eine Gréssenordnung geringer.Dies lasst sich durch 
Ausfillen eines unléslichen Ca-Salzes erklaéren. Dass es bei Anwendung von Ca- 
freien Phosphatidsdiurelésungen nicht nachtriéglich noch in der Tyrodelésung des 
Organbades zur Ausfaillung kommt, liegt vermutlich an der dann wesentlich 
niedrigeren Endkonzentration 


Im allgemeinen wurden in das 10 ml fassende Organbad 0,05 bis 0,4 ml der zu priifenden Lésung 
injiziert, die dabei also 25 bis 200 fach verdiinnt wurde. Mit anderen sauren Phospholipiden, die 
erst wesentlich héher konzentriert wirksam sind, lassen sich durch Steigerung der Konzentration 
keine entsprechenden Wirkungszunahmen erzielen, vermutlich weil dann auch im Organbad die 
Substanzen ausfallen.'* 


Nach biologischer Standardisierung am isolierten Kaninchendarm entsprach | mg 
Na-Lysophosphatidat 80.000 Darmstoff-Einheiten. Dieser Wert liegt im Bereich der 
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Wirkungsstirke von zwei friiher durch Bromolyse dargestellten Lysophospha- 
tidsiurepraparaten (30.000 bzw. 49.000 Einheiten"*) 

Die Berechnung der Ausbeute zeigte iiberraschenderweise einen reichlich zehn- 
fachen Wirkungsgewinn nach der lonenaustauschchromatographie. Die Fraktion 
91 hatte 610.000 Einheiten, von denen die Hilfte — 305.000 Einheiten fiir die lonenaus- 
tauschchromatographie ecingesetzt wurde. Aus dem Anionenaustauscher wurden 77 
mg Substanz mit dem zweiten Wirkungsmaximum eluiert. Aus 46 mg davon erhielten 
wir 29 mg Na-Lysophosphatidat mit 80.000 Einheiten/mg. Daraus ergeben sich fiir 
das zweite Wirkungsmaximum (Fraktion 91 II) insgesamt 3.900.000 Einheiten, also 
das 12.8 fache der cingesetzten Menge. Dabei ist noch unberiicksichtigt, dass ein 
Teil der eingesetzten Wirkung auf das erste Wirkungsmaximum des Eluates (Fett- 
sduren ?) fallt 

Ein direkter biologischer Vergleich der cingesetzten mit der aus dem Austauscher 
wiedergewonnenen Aktivitat zeigte allerdings nur eine etwa 5 fache Wirkungszunahme 
Ein Teil des errechneten Gewinns beruht demnach wohl auf Standardisierungsfehlern, 
erklirlich dadurch, dass der Standard und das zu standardisierende Priparat nicht 
identisch waren und die Standardisierungen der vor und nach Chromatographie 


erhaltenen Lésungen an verschiedenen Darmpriparaten vorgenommen werden 


mussten 
Versuche mit cinzelnen lonenaustauschern zeigten, dass der Wirkungsgewinn nach 


Passieren der Dowex 50-Siule auftrat. Als Erkldérung kamen zwei Vorginge in Frage: 
(1) Die Phosphatidsiure konnte zuniichst an ein Kation gebunden sein, das ihre 
Wirkung beeintrichtigte (z.B. Calcium Ion), bis es durch die Dowex-Saule entfernt 
wurde. (2) Durch einen hydrolytischen Prozess beim Kontakt mit dem Austauscherharz 
konnte die Lysophosphatidsiure aus einem geeigneten, pharmakologisch weniger 
wirksamen Materia! erst gebildet worden sein 

(1) Fiir einen nachhaltigen Einfluss von Ca-lonen fand sich kein Anhalt. Der 
flammenfotometrisch bestimmte Ca-Gehalt lag dafiir zu niedrig. Die unfraktionierten 
Hirnextrakte tibten auf die Wirkung der Lysophosphatidsdure einen deutlichen 
Auch er reichte aber zur Erklirung des Wirkungsgewinns nach 


Hemmefickt aus 
Besondere. hemmende Fraktionen konnten in den 


der Reinigung kaum aus 
Eluaten nicht sicher nachgewiesen werden 

(2) Am niichstliegenden wire die Abspaltung einer Fettsdure oder eines Aldehydes 
aus einer vollsubstituierten (Acetal-)Phosphatidsdure. In beiden Fillen erhielte man 
eine Lysophosphatidsiure, die wirksamer sein diirfte.'* Enzymatisch gewonnene 
Phosphatidsdure- und Plasmalogensiurepriparate, die wir durch Dowex-Sdulen 
filtrierten, liessen aber keine solchen Abspaltungen erkennen. Das Ester/P-Verhaltnis 
nahm nach der Austauscher-Passage nicht ab, freie Fettaldehyde konnten wir im 
Dass der Austauscher aus cinem Lysophosphatid die Base 
zu einer Lysophosphatidsiure—ist wenig 


Durchlauf nicht finden 
abspalten wiirde—auch das fihrte 


wahrscheinlich. Ausserdem diirfte die Ausgangsfraktion, die ja mit Chloroform 


Methanol (9 : Ijaus ciner SiO,-Siule eluiert worden war, keine Lysophosphatide 


enthalten. Diese werden erst durch héhere Methanolkonzentrationen eluiert. 


(b) Ldsunesmittelfrak tionierung 
Wir versuchten nun, Phosphatidsiure unter Umgehung der lonenaustausch- 


chromatographic direkt aus der Fraktion 91 zu gewinnen. Dadurch hofften wir, eine 
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Antwort auf die Frage zu erhalten, ob die gefundene Lysophosphatidsdure praformiert 
oder ein durch die Austauscherbehandlung entstandenes Kunstprodukt war. 

Ein nicht mit lonenaustauschern behandelter Teil der Fraktion 91 (etwa ein Drittel 
der ganzen Fraktion) wurde im Vakuum eingeengt, in 80 ml absolutem Alkohol 
aufgenommen und filtriert. Das Filtrat versetzten wir mit alkoholischer Natronlauge 
bis pH 8,0. Nach mehrstiindigem Stehen bei 20° wurde die entstandene Fillung 
abzentrifugiert, mit Alkohol gewaschen und in 3 ml Chloroform gelést. Wir fallten 
die Substanz erneut durch Zufiigen von Alkohol (30 ml) in der Kilte. Die erhaltenen 
560 mg wurden bei Zimmertemperatur in Alkohol suspendiert und der unlésliche 
Anteil abgetrennt. Er ergab nach Umfillen 50 mg chloroformlésliche, alkoholun- 
lésliche Substanz mit 1,7°,, P (Substanz 91 a). Die Alkohollésung wurde danach 
auf — 20° gekiihlt. Dabei schieden sich 222 mg Substanz ab (bei Zimmertemperatur 
in Alkohol léslich) mit 1,3°,, P (Substanz 91 b). Substanz 91 a enthielt am meisten 
darmerregende Wirkung, die Mutterlauge der Substanzen am wenigsten 

Die beiden gefillten Praparate waren papierchromatographisch uneinheitlich. 
Neben Flecken saurer Phospholipide, die wie Phosphatidsdure lagen, waren Spuren von 
ninhydrinpositivem Material und P-freie Lipide (Cerebroside?) zu erkennen. Proben der 
beiden Priiparate wurden milde alkalisch hydrolysiert'* und die wasserléslichen Phos- 
phatester durch zweidimensionale Papierchromatographie"’ charakterisiert. Das Hy- 
drolysat von 91 a liess im Chromatogram einen Fleck von Glycerophosphat erkennen 
(Abb.4). Er deckte sich mit authentischem a-Glycerophosphat im Mischchromato- 
gramm. Dicht hinter diesem Fleck fand sich ein weiterer, der nach der von Maruo und 
Benson"’ gezeigten Abbildung als Glycerophosphorylglycerin (GPG) anzusprechen war. 
Im Chromatogramm von Substanz 91 b zeigten sich die gleichen Flecken, der fiir GPG 
angesehene war hier relativ stirker. Daneben enthielten beide Hydrolysate noch 
geringere Mengen von 3 anderen P-Estern, von denen einer dhnlich wie Glycero- 
phosphoryl-Inosit lag. Ein dem Hydrolyseprodukt von Cardiolipin entsprechender 
Fleck wurde nicht beobachtet. Die papierchromatograpische Analyse der Hydrolysate 
ergab mithin, dass die Substanzen 91 a und b zum grossen Teil aus Phosphatidsdure 
und vermutlich Phosphatidylglycerin bzw. deren Lysoprodukten bestanden. 


Nachweis von Gangliosid in Fraktion 14 

Unter einer grésseren Anzahl von sauren Lipiden fand sich in friiheren Unter- 
suchungen® nur eines, das aus SiO,-Siulen mit Chloroform—Methanol (1 : 4) eluiert 
wird und darmerregende Wirkung zeigt: Gangliosid. In der Tat gab | mg der in 
Fraktion 14 enthaltenen Substanz eine positive Reaktion auf Neuraminsdure, liess 
also ein Gangliosid vermuten. Wir versuchten seine Isolierung 

405 ml des Extraktes wurden im Vakuum eingedampft. Es blieben 76 mg Riickstand, 
die in 5 ml Chloroform-Methanol (4 : |) aufgenommen wurden. Nach Abtrennung 
von 2,1 mg unléslichen Materials wurde die bei Zimmertemperatur klare Lésung auf 

20° abgekiihlt, worauf sich ein Niederschlag abschied. Er wurde in einer Kiihl- 
zentrifuge als auf der Liésung schwimmende Scheibe abgetrennt und mit wenig 
Aceton gewaschen. Nach Trocknung erhielten wir 33 mg einer weissen Substanz, die 
sich in Wasser und Chloroform—Methanol-Gemischen klar léste. Die Gangliosid- 
bestimmung durch Neuraminsdure-Reaktion ergab einen Gehalt von 115°,, bezogen 
auf ein als Standard benutztes Gangliosid-Priparat von Professor Klenk. Die 
Substanz enthielt noch 1,1°,, P, der aber papierchromatographisch vom Gangliosid 
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getrennt werden konnte. Das Papierchromatogramm im _ Lésungsmittelsystem 
Tetrahydrofuran-Ather—Wasser (60 : 15 : 10) zeigte zwei mit Rhodamin und mit 
Bial-Reagens violett anfiirbbare Flecken (Re 0,04 (schwach) und 0,13 (starker)) 


entsprechend Gangliosid I und II." Die Substanz entsprach in der biologischen 
Wirkung rund 1000 Darmstoff-Einheiten/mg. Die bei der Darstellung des Praparates 
angefallenen Nebenfraktionen—Mutterlauge und bei Zimmertemperatur Unldésliches 

hatten sehr viel weniger Wirkung und Neuraminsduregehalt, auf Trockengewicht 
bezogen. Danach beruhte die Darmwirkung der Fraktion 14 auf dem darin gefundenen 
Gangliosid 


2 3 64 5 
Ans. 4. Zweidimensionales Chromatogramm der wasserléslichen Hydrolyseprodukte von Substanz 
91 a (siehe Text). Waagerechter Lauf: Phenol-Wasser (100 - 40 ml). Senkrechter Lauf: Butanol 
Propionsdure-Wasser (142:71:100). P-Farbung nach Hanes und Isherwood, (1) Glycerophosphory! 
Inosit.? (2) ? (3) Vermutlich Glycerophosphoryl-glycerin. (4) Glycerophosphat (stirkster Fleck) 
(5) ? (sehr schwacher Fleck) 


DISKUSSION 
Die Ergebnisse bestdtigen unsere Vermutung, dass pharmakologisch wirksame 
saure Lipide in Gehirn vorkommen. Wir konnten Lysophosphatidsdure und Ganglio- 


sid als Wirkstoffe identifizieren. 
Dawson® zeigte durch den Nachweis des entsprechenden Hydrolyseproduktes 


(Glycerophosphat) zuerst, dass Phosphatidsduren in tierischem Gewebe vorhanden 
sind. Direkt wurden sie erstmals in Darmextrakten nachgewiesen,' spater in Gehirn,” 
Leber®’ und Erythrozytenschatten.** Phosphatidsduren treten nur in geringen Mengen 
auf, neuerdings wird ihr natiirliches Vorkommen sogar wieder in Frage gestellt und 
fiir méglich gehalten, dass sie erst wihrend der Fraktionierung entstiinden bzw 
Gemische von “verdorbenen™” Phosphatiden darstellen.** An der Identitaét der von 
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uns isolierten Lysophosphatidséure kann auf Grund der analytischen Daten kein 
Zweifel bestehen, aber es ist zu vermuten, dass sie nicht in der gefundenen Menge 
priformiert im Hirngewebe vorgelegen hat. Der nach lonenaustauschchromato- 
graphie gefundene erhebliche Wirkungsgewinn kann wohl nur teilweise durch 
Elimination von hemmenden Substanzen erklirt werden. Andererseits fanden wir 
durch die Analyse der Spaltprodukte nach milder alkalischer Hydrolyse, dass auch 
der nicht mit Ionenaustauschern in Beriihrung gekommene Hirnextrakt eine Phos- 
phatidsdure enthielt. Es handelt sich also nicht nur um ein Kunstprodukt 

Bei dieser indirekten Methode lisst sich nicht entscheiden, ob eine vollsubstituierte 
oder eine Lyso-Phosphatidsdure vorlag. Da wir beim Durchlauf von Phosphatid- 
siuren durch Dowex 50 keine Abspaltung von Fettsdéuren oder -aldehyden beobach- 
teten, méchten wir annehmen, dass der Hirnextrakt bereits Lysophosphatidsdure 
enthielt. 

Zum Teil muss der beobachtete Wirkungsgewinn vielleicht so erklart werden, dass 
infolge des Kontaktes mit Dowex 50 Phosphatidsiure neu gebildet wurde. Am 
wahrscheinlichsten ist u.E. die Abspaltung von Glycerin aus Phosphatidylglycerin 


4 


Polyglycerophosphatide sind in einer Reihe von Geweben vorhanden,** “ auch im Gehirn.* 
Sie scheinen vorwiegend die Cardiolipinstruktur zu besitzen (Di-phosphatidylglycerin®). Aber auch 
das zunichst in Pflanzen nachgewiesene Phosphatidylglycerin wurde in tierischen Organen 
gefunden. '’: * Phosphatidylglycerin diirfte wie sein deacyliertes Produkt Glycerophosphorylglycerin 
sdurelabil sein, sofern es sich um eine a-Lysoverbindung handelt, d.h. die beiden dem Phosphatrest 
benachbarten Glycerin-OH-Gruppen frei sind (vergl. 36). Es kénnte dann durch Dowex 50 ange- 
griffen werden 

In der zweiten pharmakologisch wirksamen Lipidfraktion identifizierten wir 
Gangliosid als Wirkstoff. Neben einer strukturellen Bedeutung sind in den letzten 
Jahren zunehmend Hinweise fiir eine funktionelle Rolle dieses sauren Glycolipids 
gefunden worden. Offensichtlich ist Gangliosid in den Zellmembranen vorhanden, 
es spielt als Rezeptorsubstanz fiir Toxine eine Rolle.*’-*° Bogoch und Bogoch* 
fanden eine erregende Wirkung auf das Herz der Muschel Venus mercenaria und 
vermuteten eine Funktion der Ganglioside fiir Transportvorgainge. Unsere Ergebnisse 
sind hierfiir vielleicht ein weiterer Anhaltspunkt. 

Neben Phosphatidsiure und Gangliosid erhielten wir noch eine dritte darmerregende 
Fraktion, die vermutlich aus ungesittigten Fettséuren bestand. Diese Stoffklasse 
wurde bisher pharmakologisch unter den gleichen Aspekten betrachtet wie die 
sauren Phospholipide, d.h. fiir ihre Wirkung wie fiir ihre mégliche Funktion wurden 
saure Natur und Lipoidléslichkeit als die bedeutendsten Faktoren angesehen 
(vergl. Ubersicht 42). Es scheint aber, dass fiir ungesittigte Fettsiuren ganz andere 
Wirkungsbedingungen gelten. Ober diese Untersuchungen wird spiter berichtet 
werden. 
ZUSAMMENFASUNG 

Es wurde untersucht, ob pharmakologisch wirksame saure Phospholipide im 
Gehirn vorkommen. Chloroformextrakte aus Gehirn von Pferden, Kaninchen und 
Meerschweinchen zeigten eine erregende Wirkung auf glatte Muskulatur. Durch 
Chromatographie an Kieselgel und an lonenaustauschern wurden drei wirksame 
Fraktionen gewonnen. Aus zwei dieser Fraktionen konnten die Wirkstoffe isoliert 
und als Lysophosphatidsiure und Gangliosid identifiziert werden. Bei der dritten 
Fraktion handelt es sich vermutlich um ungesattigte Fettsduren 
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Anerkennungen—Herrn Professor Klenk, Kéin danken wir fiir die freundliche Uberlassung des 
Gangliosid-Priparates, Herrn Dr. Wagner, Miinchen, fiir Formaldehydpapier. Die Deutsche 
Forschungsgemeinschaft stellte das Unicam-Spektrophotometer zur Verfiigung. Fir den Fortgang 
der Untersuchungen war uns die bewahrte Mitarbeit von Fri. R. Enke eine grosse Hilfe 
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INCREASED SENSITIVITY OF THE WALKER TUMOUR 
TOWARDS AROMATIC NITROGEN MUSTARDS 
CARRYING BASIC SIDE CHAINS FOLLOWING 

GLUCOSE PRETREATMENT 
W. C. J. Ross 
Chester Beatty Research Institute, Institute of Cancer Research, 
The Royal Cancer Hospital, London, S.W.3 
(Received 24 March 1961) 


Abstract— Neoplastic tissue, which is more acidic than normal tissue, should concentrate 
basic drugs. The pH difference can be accentuated by glucose pretreatment and it has 
been shown that the anti-tumour activity of some aromatic nitrogen mustards carrying 
sidechains containing basic groups with suitable pA, values is enhanced by glucose treat- 
ment. Certain epoxides should be even more suitable for exploiting this tissue difference. 
Thiols should selectively protect normal cells against alkylating agents as a consequence 
of the higher concentration of the nucleophilic anionic form therein. 


Numerous alkylating agents such as sulphur and nitrogen mustards, epoxides, 
ethyleneimine derivatives, and methanesulphonates are toxic towards dividing cells, 
The growth of cancer cells is inhibited but other cells in normal tissue, such as those 
in the gastric mucosa, gonadal tissue and haematopoietic tissue, are also affected. 
One has sought for some characteristic property of the cancer cell which might be 
exploited to obtain a localization of the cytotoxic effect. 

A feature of neoplastic tissue is its lower pH relative to normal tissues which is 
consequent on the relative accumulation of lactic acid formed by glycolysis. This 
property can be enhanced by glucose administration. Thus Voegtlin e7 a/.' showed that 
following glucose administration the pH of tumour tissue may fall from 6-9 to 6:3. 
Kahler and Robertson? found that normal liver tissue had pH 7-4 and hepatoma had 
pH 7-0 which could be reduced to 6-4 by glucose treatment — the pH of normal tissue 
being unaffected. Stevens er a/.* showed that sulphapyrazine, which is less soluble 
under acid conditions, was selectively deposited in the tumour area of glucose-treated 
rats which carried a Walker carcinoma. Although the pH as measured by micro- 
electrodes is in most cases that of extracellular fluid it seems not unreasonable to 
assume that the lactic-acid-producing cells are at an even lower pH. This would not 
affect the argument which follows except in so far as the pX, requirement for maximum 
activity in basic derivatives may be displaced to lower values. 

Basic drugs will concentrate in cells with lower internal pH as a consequence of 
the greater ability of the non-ionized form to diffuse through cellular membranes.* 
The relative concentration of a base in region p (plasma) compared with region c (cell) 
from which it is separated by a lipoid barrier is given by: 

concentration of baseinc 10 (pK, — pH,) 
concentration of base inp 1 + 10(pXK, — pH,) 


235 


ol. 8 


2% W. C. J. Ross 


Fig. | shows the values of this ratio (R) for bases of various pK, values assuming that 
the pH of plasma is 7-4, of normal cells is 7-0, and of cancer cells is 6-0—a value which 
may be reached by suitable glucose pretreatment. Under these conditions a base of 
pX,, greater than 8 can achieve ten times the concentration in cancer cells as in normal 
cells (Fig. 2, curve 1). Since strong bases will be present mainly in the non-diffusing 
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Fic. 1, Variation of R — concentration of base in cell concentration of base in plasma with pK, 
of base 


Fic. 2. (1) Ratio R, of concentration in cancer cell to concentration in norma! cells for bases 
(2) Ratio R, of concentration in normal cell to concentration in cancer cell for acids 
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ionic form under the conditions being considered, the optimum pK, is that at the 
shoulder of curve | in Fig. 2. Thus bases with a pX, between 8 and 9 should be most 
suitable for concentration within cancer cells. Even if a pH as low as 6 cannot be 
achieved some concentration of the base in the neoplastic cell can be attained and 
Fig. 3 shows how the relative concentration changes with pH. 

The drug concentration is a sum of the concentration of the dissociated and un- 
dissociated forms, the concentration of the undissociated form being the same on 
both sides of the lipoid barrier. If the charged form—the protonated form in the case 


of a basic drug—is biologically inactive then no advantage would be gained but if 


both forms are equally active then a greater effect will be manifest in the more acid cell. 

Some preliminary results using aromatic nitrogen mustards which should be active 
over the pH range being considered are now reported. In the first experiment (Table 1) 
the basic compound, N-( p-di-(2-chloroethyl)aminophenethyl) methylamine, CB 3039 
(pK, 8-9, Ref. 5), was administered to animals on the day following the implantation 
of a Walker tumour as a single intraperitoneal injection in arachis oil. A parallel 
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FiG. 3. Ratio (R,) of concentration in cancer cell to concentration in normal cell for different pH 
values in cancer cell for base of pK, 8 and 8 and 9 (normal cell pH 7) 


experiment was carried out in which three doses of 7-5 g/kg of glucose were admin- 
istered (i.p. in water) | hr before the drug, with the drug, and | hr after the drug. 


Table | shows that the total weight of tumours of the control group divided by that of 


the treated group (C/7 ratio) was increased by glucose treatment. This enhancement 
of activity was confirmed in a second experiment in which five doses of glucose were 
administered (Table 2). A similar increase in the tumour growth inhibitory effect 
following glucose injection was also demonstrated in the case of the ester of melphalan 
(CB 3177) (Table 3). Injection of glucose alone does not inhibit tumour growth—a 
slight increase in growth rate was, in fact observed (Table 4). Neutral (CB 1074.) 
acidic (CB 1348, chlorambucil), and zwitterionic (CB 3025, melphalan) aromatic 
nitrogen mustards would not be expected to concentrate selectively within the more 
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acidic cancer cells and as expected their activity was not enhanced by glucose treat- 
ment (Table 4). In fact, CB 1348 should be less concentrated in acidic cells and there 
is an indication of a reduction in anti-tumour activity following glucose treatment in 
this case. The pX,, of the aromatic chloroethylamino group present in all the mustards 
is low, about 2, and need not be considered in the present context. 


TUMOUR WEIGHTS 


TABLI 


CB 3039 


(8 mg/kg) 
Controls CB 3039 plus glucose 
(8 mg/kg) (7-5 g/kg at 
1,0 and +1 hr) 


72 46 10 
66 40 7] 
64 20 2 
58 20 nil 
44 10 nil 


3 


Total 337 


TUMOUR WEIGHTS 


CB 3039 


(8 mg/kg) 
Controls CB 30389 plus glucose 
(8 mg/kg) (5 g/kg at 
2, —1,@ 


and — 2 hr) 


20 nil 
$2 3 nil 
3 nil 
2 nil 
33 nil nil 


nil 


Total 229 nil 
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TABLE 3. TUMOUR WEIGHTS 


CB 3177 


(0-5 mg/kg) 
Controls CB 3177 plus glucose 
(0-5 mg/kg) (S mg/kg at 

1,0, and 1 hr) 


61 25 


13 


46 23 nil 
40 i! nil 
35 I nil 
31 nil nil 
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Total 237 
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It is of some interest to note that peptide derivatives of 1-aminocyc/opentane- 
carboxylic acid® and of melphalan’ which contain a free amino group are more active 
tumour inhibitors than those in which this group is acylated. 

Greatest advantage will be obtained by selective concentration of basic drugs if the 
cationic form of the drug is more active than the uncharged form. Certain epoxides 
and ethyleneimine derivatives are chemically more reactive in acid solutions and would 
be expected to export a greater toxic action on cancer cells.*: * Basic epoxides of 
appropriate pK, values (8-9, see above) would be well suited to selective concentration 
and enhanced reaction in the more acidic cells. A number of compounds of this type 
have been synthesized by Gerzon et a/.,'° for example (1), (II), and (IID): 


CH,NICH.CH.CH), CH.CH.CH.N NCH,CHCH, CH.CHCH.N )—(CH)—< —NCH,CHCH, 
0 0 


TABLE 4 


Compound Dose C/T ratio 
(mg/kg) 
Alone With glucose 


CB 1074 


CB 1348 


\ 


(CH,),COOH 
(Ref. 13) 


CB 3025 
CH,CH 


COOH 
(Ref. 14) 


CB 3177 
CH,CH 


COOEt 


CH,CH,NMe, 


N(CH,CH,C)}). 
kg of glucose at — 1, 0 and | hr after drug. 
kg of glucose at — 2, — 1, 0, 1 and 2 hr after drug 
g/kg glucose at — 1, 0 and | hr after drug. 


| 
(1) (1) (1) 
ol. 8 
961 
M 20 3-7 3-5* 
1-5 72 45° 7 
NH, 
0-5 75 
NH, 
H, 
0-5 4 18:2* 
CB 3039 
8-1 
M 
8 2:5 16; =z 
(Ref. 5) 
- t 0-75 
M 
: 
7-5 
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Compound (1) has pA, values of < 3 for the two nitrogen atoms, the values for (II) are 
3 and 6:1, for (III, m — 0) are 6-8 and 7-9, and for (III, 2 = 1) are 7-0 and 8-0. The 
relative biological effectiveness of the compounds against a mouse leukemia are (I) 
(ID) 1, — 0) 5-10, 2 = 1) 10-20 and these results are broadly as expected 
from the above considerations. Creech et a/.“ showed that (III, » = 0) had a chemo- 
therapeutic index superior to that of (11) when tested against a mouse ascites tumour 
The use of epoxides, especially any with pX,, values between 8 and 9, coupled with 
prior glucose administration should lead to enhanced action on cancer cells. This 
approach to the problem of obtaining selectivity of action is being actively pursued in 
this Institute. If this technique ts employed it will probably be necessary to reduce 
stomach acidity, e.g. by bicarbonate administration, in order to protect the gastric 
mucosa during the time that the alkylating agent is able to interact with tissues 
Thiols, especially in the more nucleophilic RS~ form, react readily with alkylating 
agents and can reduce toxicity by “mopping up” the reactive drug. Since they are 
weak acids they will, in contrast with bases, concentrate in less acidic regions. Thus 
a higher concentration of the thiol will be present in normal cells as compared with 
cancer cells and of this greater amount a greater proportion will be in the reactive RS 
form. As a consequence normal cells will be selectivity protected against the action of 
alkylating agents of all types by prior administration of thiols. Simple thiols or 
weakly acidic derivatives, such as mercaptocarboxylic acids, could be used but basic 
thiols, such as cysteamine, or thiols with active transport, such as cysteine would 
seem to be less useful for selective protection. Fig. 2 which indicates R, values for 
acids shows that for optimum selective concentration in normal cells under the con- 
ditions chosen the pA, of the thiol acid should be about 4 to 5. Experiments are in 
progress in this Institute to examine the protective action of acidic thiol derivatives 
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Abstract-—When the platelet-rich plasma of rabbit is incubated in vitro with 20 ng/ml 
of tetrabenazine most of the 5-hydroxytryptamine released from the platelets is inacti- 


vated. This inactivation is done by the platelets themselves and not by the plasma out- 
side. It is prevented by monoamine oxidase inhibitors and by incubation in nitrogen 
atmosphere instead of air. Under similar conditions, the human platelets inactivate 
about 30 per cent of their 5-hydroxytryptamine released and those of rat less than 10 
per cent. It is possible that also when released by other mechanisms, 5-hydroxytrypt- 
amine 1s inactivated in blood platelets and that this inactivation has an important role 


in the metabolism of the amine 


INCUBATION of the platelet-rich plasma of rabbit in vitro with reserpine or tetrabena- 
zine causes a decrease in 5-hydroxytryptamine (SHT) content of platelets.'-* However, 
there is no corresponding increase in the SHT of the platelet-free plasma, which indi- 
cates that most of the amine released has been inactivated.’ If, before collecting the 
blood, rabbits are pretreated with monoamine oxidase (MAO) inhibitor, isocar- 
boxazid, all of the SHT released from the platelets is found in the plasma.* The follow- 
ing experiments were undertaken to demonstrate, which one of the two components 
of rabbit blood, plasma or platelets, is responsible for this inactivation, and to study 
whether SHT would be similarly inactivated when released from platelets of other 


species. 


METHODS 

Blood was taken from the carotid artery of rabbits and from the abdominal aorta 
of rats under ether anaesthesia. From humans the blood was withdrawn from an arm 
vein. The blood was immediately mixed with 1/9 volume saline containing 1°, 
disodium ethylenediaminetetra-acetate and 0-1°,, heparin. Rabbits received heparin 
(10 mg/kg) intravenously before the anaesthesia was started 

Platelet-rich plasma was obtained by centrifugation at 200-300 g. Employing 
gentle shaking at 37 “C, 1-5-3-0 ml of the platelet-rich plasma was incubated first 
with §-phenylisopropylhydrazine hydrochloride (PIH, final concentration 10° 
10-* or 10°-* M), in nitrogen atmosphere (before entering the hood of the metabolic 
shaker commercial nitrogen gas went through two washing flasks containing 10°, 
solution of pyrogallol and one containing water) or saline, for 15 min and then tetra- 
benazine methane sulfonate [20 j.g/ (base)/ml] was added and incubation continued for 
3 hr. After incubation of rabbit plasma, platelets and platelet-free plasma were separa- 
ted by centrifugation at about 2000 g for 20 min. Occasional platelet counts were made 
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according to Feissly* in the phase contrast microscope. They showed that the platelet- 
rich plasma was free from other formed elements and that all platelets had been sedi- 
mented by the second centrifugation. In half of the experiments with human and rat 
blood, the platelets and plasma were analysed separately as described above, but 
only the total calculated values are presented in the results. 

SHT was measured by a spectrophotofluorometric method.® Some acetone extracts 
were analysed by using the rat stomach method* and the results agreed with the chemi- 
cal method. Student's t-tests were used for statistical analysis. 


RESULTS 
Table | gives the amounts of SHT, which were found in the platelet-free rabbit's 
plasma derived from the platelet-rich plasma after incubation with tetrabenazine. 
This treatment normally decreases the SHT content of platelets by more than 5 
ug/ml*, but only about one tenth of the liberated amine is found in the plasma after 
separating it from platelets. Isoniazid has no effect but there is a significant increase 
in the mean amine content when the platelets are incubated in nitrogen atmosphere 
(P < 0-001) or in 10°* or 10°* M of PIH (P < 0-01 or < 0-001, respectively). With 
the lower concentration of PIH more SHT is inactivated than with the higher (P 
0-01). 


TABLE |. EFFECT OF VARIOUS TREATMENTS ON THE ABILITY OF PLATELETS (AND PLASMA) 
OF RABBIT TO INACTIVATE 5-HYDROXYTRYPTAMINE (SHT) RELEASED BY TETRABENAZINE 
FROM THE PLATELETS i” vitro 


Treatment (in addition to SHT y»g/mi (mean + s.¢.m.) 
tetrabenazine) of platelet-free plasma* 


Controls 0-70 0-20 ( 
Isoniazid 10°* M 091 + O19(-) 
Nitrogen atmosphere; 380 040(-) 
Isoniazid 10-* M and nitrogen atmos- 

phere 364 + 010(—) 
8-Phenylisopropylhydrazine M 2-62 + 067(-—) 
8-Phenylisopropylhydrazine 10 * M 480 082(-) 


* The amount of SHT in the platelet-free plasma after incubation of the platelet-rich plasma with 
tetrabenazine (four to five experiments). 

+ Indicates that platelet-free plasma inactivates (— ) or does not inactivate (—) added SHT.’ 

* If the nitrogen was not washed with pyrogallol its maximum oxygen content was 014°, and the 
incubation in this gas gave similar results to control experiments, i.c. incubation in air 


SHT was not inactivated during a 3-hr incubation when 10-20 «g/ml was added to 
the suspensions of rabbit platelets which had been broken by freezing and thawing 
or shaking with water. The amount of platelet-material in the final saline or pH 7-4 
phosphate buffer was two to three times more than in the original platelet-rich 
plasma. 

In eight experiments with Auman platelet-rich plasma (Table 2) the total SHT 
content of platelets and plasma was reduced by 22-5 per cent. The mean of individual 
differences (0-038 «g/ml + 0-13 »g/ml) was significantly different from zero (P < 0-05). 
About 73 per cent of SHT was released in four of these experiments and, therefore, 
two-thirds of the liberated amine escaped inactivation. Addition of 10°* M of PIH 
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before tetrabenazine to the platelet-rich plasma seemed to inhibit or reduce the in- 
activation of SHT in four experiments. 

In six experiments with rat platelet-rich plasma (Table 2), the total SHT was reduced 
during the incubation by only 4-4 per cent. The mean of differences (0-11 ug/ml + 0-03 
ug/ml) is also here significantly different from zero (P < 0-02). About 60 per cent of 
SHT was depleted from rat’s platelets by this treatment and, therefore, less than 10 
per cent of the released amine was metabolized. 


TABLE 2. THE ABILITY OF PLATELET-RICH PLASMA OF HUMAN AND RAT TO INACTIVATE 
5-HYDROXYTRYPTAMINE (SHT) RELEASED BY TETRABENAZINE FROM THE PLATELETS 
in vitro* 


Reduction of SHT during 
Species SHT ug/ml incubation with tetrabenazine 
incubation without 
tetrabenazine (ug/ml) 


Human 0-145 + 0-03 0-038 + 0-13 
Rat 2-62 0:29 O11 0-03 


* The values refer to mean +s.¢e.m 
DISCUSSION 

The platelet-free plasma of rabbit, but not that of men and rat, slowly inactivates 
added SHT in vitro.’ From 20 wg of SHT added per ml about 1-5 ug/ml per hr is 
inactivated. This inactivation is prevented by isoniazid, MAO inhibitors, like iproni- 
azid and PIH, but not, or only slightly prevented by nitrogen atmosphere.’ It is likely 
that this is not an important pathway of SHT inactivation even in the rabbit’s blood, 
because during the incubation of platelet-rich plasma with SHT releasing substances 
more of the amine disappears than what can be ascribed to the inactivation potency of 
platelet-free plasma. 

That SHT released by tetrabenazine from platelets is destroyed in the platelets be- 
fore it enters the plasma is further emphasized by the following points. 

(1) Isoniazid does not significantly increase the mean amount of SHT present in the 
platelet-free plasma after the incubation of the platelet-rich plasma. The same concen- 
tration of isoniazid, however, completely inhibits the inactivation of SHT by platelet- 
free plasma. 

(2) Unlike isoniazid, nitrogen atmosphere inhibits only slightly the ability of plate- 
let-free plasma to inactivate 5HT. In nitrogen, nevertheless, much more 5HT is 
present in the plasma. In addition, when isoniazid is present in the nitrogen atmosphere 
the amount of non-inactivated SHT is not increased. 

(3) PIH in concentration of 10-° M inhibits SHT inactivation by platelet-free plas- 
ma. When platelet-rich plasma is incubated with tetrabenazine in the presence of 
10-° and 10°* M of PIH more S5HT is found in the plasma with the higher concen- 
tration. This indicates that the mechanism which inactivates SHT inside the platelets 
is not inhibited completely by the lower PIH concentration which already makes the 
platelet-free plasma inactive. More S5HT is released by tetrabenazine with PIH 10-> M 
than 10-* M®* and, therefore, relatively even more amine is destroyed by platelets at 
10-° M of inhibitor than what appears from the figures. Also iproniazid and nitrogen 
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atmosphere, but not isoniazid, inhibit partly the release of SHT by tetrabenazine from 
the platelets.*: * From the limited information received from the present and previous 
experiments* it seems possible that the inactivation in platelets is due to amine oxi- 
dase.'* " This is further emphasized by the finding that incubation of rabbit's whole 
blood with reserpine results in an increase in the plasma 5-hydroxyindoleacetic acid, 
but not if the rabbit is pretreated with iproniazid.” 

Because platelet-free plasma of human and rat does not inactivate SHT, the results 
indicate that the platelets of these species are able to destroy part of the amine released 
from them by tetrabenazine. The concentration of tetrabenazine used releases per- 
centwise more SHT from the platelets of man and rat than from those of rabbit. The 
relatively weaker SHT metabolizing activity of the platelets of man and rat may be 
partly due to this 

It is possible that platelets inactivate SHT also when it 1s liberated by other mechan- 
isms. The rate of depletion in these experiments is probably much higher than that which 
occurs in any physiological condition. Therefore it would not be improbable to assume 
that under normal conditions the platelets in any of these species are able to inactivate 
in vivo all their SHT. Experiments on the blood of a thrombocytemic patient have 
shown that the blood platelets in this pathological case were able to inactivate all the 
SHT released during incubation with tetrabenazine, and no SHT inactivation was 
found in the plasma." 

The failure to demonstrate inactivation of SHT by broken platelet suspensions may 
be due to a too great dilution of the active principle. It is possible that the very high 
concentration of SHT in the platelet has to be located close to the oxidase in order 
to be inactivated after being “released” from its binding sites. Further experiments 
are expected to show whether the activity is connected with the intact platelet struc- 
ture or not. The fate of other platelet-bound amines will also be studied under the 
same conditions. 
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SHORT COMMUNICATIONS 


The effect of the route of administration on the metabolism of 5-hydroxytryptamine 


(Received 24 May 1961) 


EARLIER studies showed that 5-hydroxytryptamine (SHT) caused a more marked excretion of 
5-hydroxyindoleacetic acid (SHIAA) when injected subcutaneously than when rapidly administered 
intravenously ! Since it appeared possible that the difference was due to dissimilarity in the metabolism, 
indole derivatives excreted in rat and rabbit urine after the administration of SHT in different 
manners were studied by paper chromatography, and the isolated spots were further analysed by other 
methods. 

Following a large i.v. or s.c. dose of SHT (5-10 mg/kg of SHT creatinine sulphate calculated as 
base) the 8-hr urine sample of rat showed, as the clearest spot in addition to SHIAA and its 
O-sulphate ester.2 one that stained purple with p-dimethylaminobenzaldchyde. It had low R, 
values in isopropanol-ammonia—water (10:1:1), butanol—acetic acid-water (4:1:5), and 80%, tertiary 
amy! alcohol solvents (0-03, 0-14, and 0-04 respectively). The spot was always more distinct in the 
urine of rats given SHT by rapid intravenous injection than in those receiving it subcutaneously, as 
was already reported.* It was most distinct when SHT was given per os. This spot was also clear in 
chromatograms made from the urine collected from catheterized unanesthetized rabbits during 6 hr 
after a dose of 10 mg/kg of SHT. In these urines it was more distinct after rapid i.v. injection than 
after slow i.v. infusion (1-2 hr) or s.c. administration. The substance was purified from the rabbit 
urine after a rapid i.v. administration of SHT as follows 

The substance was precipitated with 40 vols. of acetone. The sediment was washed first with chloro- 
form and then with diethy! ether, ethyl! acetate, and ethanol, in which the substance was not found 
to be soluble. It was purified in preparatory chromatogram paper (Schleicher and Schill 2230) 
by allowing it to run four times indifferent solvents: /sopropanol-ammonia, butanol-acetic acid, 
20°, KCI (R, 0-67), and butanol-pyridine—water (1:1:1) (R, 0°38). The eluations were made with 
water, last time, however, with pyridine, which was evaporated into dryness in vacuo 

In the spectrophotofluorometer the activation maximum at pH 1, pH and pH II lay at 
305 mu, and the fluorescence maximum at 365 my; at pH 14 a fluorescence peak was seen at 410 mu. 
These and the infrared spectrum taken as a KC! tablet suggested a substance containing the indole 
nucleus. The failure to stain with a-nitroso-8-naphthol suggested a derivative, in which the phenolic 
OH-group is not free. The infrared spectrum suggested a glucuronide or sulphate ester. Boiling 
the substance in N-HCI for 5-20 min and running the hydrolysed product on paper gave a spot 
corresponding to SHT. Treatment with 8-glucuronidase (Fluka AG, Buchs SG) with deoxy-ribo- 
nucleinic acid at pH 5 gave the same spot. At the same time the biologic activity on the rat stomach 
preparation’ was increased 100-fold or more. This activity was completely inhibited with yohimbine 
(0-1 wg/ml) and 1-methyl-p-lysergic acid butanolamide-2-bimaleinate (“Deseril”, generously 
supplied by Sandoz AG, Basle) (2 ng/ml). The contraction of rat stomach by the unhydrolysed 
material was only partly inhibited by the above mentioned substances. After hydrolysis the material 
also stained with naphthoresorcinol. On the other hand it was not found to contain sulphur 

The spot thus seems to be due to the O-glucuronide of SHT, which was found in the urine of mice 
by Weissbach er al.® and in the urine of rats by Keglevic et al.” and Mclsaac and Page.’ after the intra- 
peritoneal administration of "C-labelled SHT. We have now found that the intensity of this spot 
following the various methods of administration in rat and rabbit is inversely proportional to the 
SHIAA excretion determined by spectrophotometer.* The spot was also found after the administration 
of p,.-5-hydroxytryptophan (SHTP), but there was no difference between the i.v. and s.c. administra- 
tion. After the injection of SHTP, the spot of SHT was also seen. SHT excretion determined bio- 
logically* has been found greater after SHTP than after SHT itself.” 
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There was often another spot which also seemed to be more intense after a rapid i.v. injection than 
after s.c. administration or slow i.v. infusion of SHT in rabbit. This spot also showed more activity 
in rat stomach preparation after HC! hydrolysis than before it. This spot probably was due to the 
SHT O-sulphate ester giving R,-values corresponding to those of Chadwick and Wilkinson.'® 

A spot corresponding to the O-glucuronide of SHT was obtained also from the urine collected from 
a carcinoid patient during and after severe flush attacks. Before paper chromatography the urine was 
precipitated by 40 vols of acetone, and the active material dissolved from the sediment into pyridine 
The spot was not present in the urine of a healthy human subject after ingestion of 2 mg/kg of SHT 


or 1/2 kg of peeled bananas 
The results give support to the opinion that the phenolic conjugation with sulphonic and sulphuric 

acids is an emergency route for the elimination of SHT. The faster the amine enters the circulation 

the more of the conjugate is formed. On the other hand, there is an indication that the most intense 

ester formation occurs after oral administration. It is also probable that a part of the SHT O-glu- 

curonide and O-sulphate esters is further oxidised to the corresponding SHIAA conjugates 

The results will be published in detail elsewhere 


Mauno M. AIRAKSINEN 
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Actions of cocaine and tyramine on the uptake and release of H’-norepinephrine 
in the heart 


(Received 8 June 1961) 


Previous work in this laboratory has shown that circulating H*-catecholamines are taken up and 
bound in the heart, spleen and adrenal gland.'» * We have also observed that pre-treatment of cats 
with cocaine’ or tyramine’ markedly reduced the concentration of H*-norepinephrine in heart and 
other tissues. This effect might be a consequence of an inhibition of the uptake of the circulating 
hormone or a release of the bound H*-catecholamine, or both. To enable us to distinguish between 
these actions, these compounds were given before or after the administration of H*-norepinephrine 
If the drug interfered with the uptake, it would decrease the H"-norepinephrine only if given before 
the administration of the catecholamine. If, after the injection of H*-norepinephrine, when the 
catecholamine is bound in the tissue, the level of amine in the tissue is lowered by the drug, the latter 


releases the bound hormonc 

Male rats (Sprague-Dawley) weighing from 160-180 g were given 10 uc of pL-7-H*-norepinephrine 
(20 mc/mg) per 100 g¢ by injection into the tail vein and the animals were killed 2 hr later by decapita- 
tion. The hearts were homogenized with 12 ml of perchloric acid (0-4 N). After centrifugation, 
the supernatant solution was assayed for H*-norepinephrine.*? Cocaine HCI, 10 mg/kg, was given 
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10 min before or 10 min after the H*-catecholamine and tyramine HCI, 15 mg/kg, was injected 10 min 
before or 20 min after the H*-norepinephrine. All drugs were given intravenously. In the combined 
treatment, cocaine was given 10 min and tyramine 20 min after H*-norepinephrine 

There was a striking decrease in the amount of H®-norepinephrine taken up by the heart when the 
animals were given cocaine before the H*-catecholamine (Table 1). No effect was observed when the 
cocaine was given after the H*-norepinephrine. Tyramine reduced the amount of the H*-norepine- 
phrine found in the heart when it was administered either before or after the H®-catecholamine 
These observations indicate that cocaine blocks the uptake of H®-norepinephrine, while tyramine 
releases the bound hormone. Tyramine might also prevent the uptake of the circulating H®-norepine- 
phrine 


Taste |. EFFECT OF COCAINE AND TYRAMINE ON THE UPTAKE AND RELEASE OF 
H*-NOREPINEPHRINE IN RAT HEART 


H*-norepinephrine 
Treatment myc/g heart (+ s.e.m.) 


Control 

Cocaine before H*-norepinephrine 

Cocaine after H*-norepinephrine 

Tyramine before H*-norepinephrine 
Tyramine after H*-norepinephrine 

Cocaine tyramine after H*-norepinephrine 


Each rat received 10 uc of H*-norepinephrine per 100 g, given intravenously, 
and the hearts were assayed 2 hr later. Details of drug treatment are described 
in the text. 


Tyramine showed no pressor action in animals whose norepinephrine stores were depleted with 
reserpine,’ but after an infusion of norepinephrine its actions were restored.* On the basis of these 
observations, Burn and Rand* postulated that the actions of tyramine are mediated through the 
release of norepinephrine. Cocaine has been shown to antagonize the pressor actions of tyramine’ 
and increase those of catecholamines." We have previously shown that cocaine potentiates the actions 
of norepinephrine by preventing the inactivation by binding and elevating the blood levels of the 
hormone.’ The results reported here show that tyramine releases H*-norepinephrine from the heart. 
Since cocaine blocks the actions of tyramine and tyramine exerts its effects by liberating norepine- 
phrine, cocaine would be expected to prevent the releasing actions of tyramine. This possibility was 
examined in the following experiment. Cocaine was given 10 min and tyramine 20 min after H®- 
norepinephrine. The results in Table | show that cocaine had no effect on the release of H*-norepine- 
phrine by tyramine in the rat heart. These findings disagree with those of Lockett and Eakins,® who 
found that cocaine blocks the releasing action of tyramine. Schiimann, using isolated granules from 
the adrenal medulla, found that cocaine did not block release of catecholamines by tyramine.!° 

If the actions of tyramine are mediated through the release of norepinephrine, it should be expected 
that cocaine would enhance the effects of the catecholamine released by tyramine. But cocaine pre- 
vents the pressor actions of tyramine and yet does not block the release of norepinephrine by the 
sympathomimetic amine 

It can be concluded from our experiments that cocaine inhibits the uptake of circulating H®- 
norepinephrine, while tyramine releases the bound H*-catecholamine. Cocaine does not block the 
releasing action of tyramine 
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Effect of a phosphatido-peptide fraction of intestinal tissue onthe intestinal absorption 
of a quaternary ammonium compound* 


(Received 8 June 1961) 


. Previous studies have shown that although quaternary ammonium compounds are incompletely 
q absorbed from the intestine, there is always a portion that is absorbed and this portion is absorbed 

; fairly rapidly following administration.’ It has been postulated that the absorbed portion of the 
oy quaternary ammonium compound, which exists as a cation at all physiological levels of pH, is trans- 
2 ferred across the gut wall! as a neutral complex by virtue of combination with an endogenous anion.* 


Since a number of phosphorus-containing compounds have been implicated as possible carriers in the 
transport of endogenous inorganic and organic cations across biological membranes,”: * the role of 


such phosphorus-containing anions in the transport of exogenous organic cations is now under 


investigation 


A phosphorus-contai:ning fraction, first isolated from brain and designated “phosphatido-peptide”™ 
by Folch,” has been fi 1 in intestine, as well as in heart, liver, lung, spleen, pancreas and kidney.* 
The phosphatido-peptide represents a fifth category of tissue phosphorus compounds, since it cannot 


be classified as acid-soluble phosphorus, free phosphatides, nucleic acids or phosphoprotein, as 


usually defined.’ The phosphatido-peptide fraction is constituted by inositol, phosphate, esterified 


fatty acids, sphingosine or sphingosine-like material and amino acids combined in polypeptide 
chains.*:* This report presents preliminary evidence that the phosphatido-peptide fraction from 
intestinal tissue may be involved im the intestinal absorption of a mono-quaternary ammonium 
drug, benzomethamine methobromide) 


METHODS 


The material used in these studies was a relatively crude fraction of rat small intestine, prepared by 


7 the method of Huggins and Cohn,* including removal of (1) acid-soluble components with trichloro- 
4 acetic acid, (2) phospholipides with alcohol-cther, (3) nucleic acid with 10°, sodium chloride, and 
4 (4) extraction of the crude fraction from the remaining phosphoprotein by chloroform-methanol-HCl 
“d This acidified chloroform-methanol extract was evaporated to near dryness in vacuo and the oily 


residue was taken up and suspended in Krebs-Henseleit phosphate buffer, pH 7-4, for use in the 


absorption studies. This suspension was regarded and used as the phosphatido-peptide fraction 
Non-fasted male rats of the Sprague-Dawley strain, weighing 180-210 g, were used. The degree of 


intestinal absorption was determined, in vivo, using either a single-loop preparation or a double-loop 


preparation, as previously described.* Double-loop preparations were used for controls, the loop 


positions of the contr nd experimental solutions to be compared being alternated in successive 


rats. Three kinds of contro! solutions were used: (1) benzomethamine dissolved in buffer, as a stand- 


= ard; (2) benzomethamine dissolved in a buffered solution of reagent blank of the extraction pro- 

£ cedure, as a negative control; (3) benzomethamine dissolved in a buffered solution of pure albumin 
carned through the extraction procedure, as a pseudo-tissue control. A constant volume of 0-5 ml/loop 

; * This work was supported in part by a Research Grant (B-1966) from the Institute of Neuro- 
logical Diseases and Blindness, U.S. Public Health Service, Bethesda, Maryland 
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was used and the dose of benzomethamine was 0°5 mg/loop. All absorption studies were for periods 
of 3 hr and the entire intestinal loop and contents were used for chemical determination, by previously 
described methods,*: * of the benzomethamine still present after this time. 


Levels of significance were calculated using the f-test.' 


“eT 

RESULTS 

by The effect of varying amounts of the phosphatido-peptide fraction on the in vivo-absorption of 
7 benzomethamine in the rat is shown in Fig. 1. The data were obtained using 6 separate extracts of 


intestinal tissue. In all cases in which the amount of extract used was equivalent to one or more 
grams of tissue there was a significant increase in the amount of benzomethamine absorbed, as com- 
pared with each of the 3 types of controls (P < 0-01).* Even more noteworthy is the fact that the 
degree of increase in absorption of the quaternary compound was a function of the amount of 


phosphatido-peptide present in the intestinal loop 


3 


2 


Phosphatido — Peptide In Intestinal Loop 


( As Groms Of Fresh Tissue Before Extraction ) 


Fic. 1. Effect of phosphatido-peptide on the absorption of benzomethamine in the rat. A: Standard 
and negative controls (mean of 8 determinations) Pseudo-tissue controls (mean of 8 determina- 
tions). @: Each point represents the mean per cent absorption in 4 animals in which the loops con- 
tained the phosphatido-peptide fraction. Dose of benzomethamine: 0-5 mg/loop 


Other phosphorus-containing compounds were investigated to determine their effect on absorption 
of the quaternary ion. Simple compounds, such as o-phosphorylserine and phosphorylcholine, as well 
as the phosphatides, phosphatidy! serine, phosphatidyl ethanolamine and a-lecithin, were without 
effect on the degree of absorption of benzomethamine in vivo. Inositol-2-monophosphate and inositol 
phosphatide, which have been shown to be present in the phosphatido-peptide fraction,*: ’ also had 
no effect on the absorption of benzomethamine in vivo.* It would appear, thus far, that the facilitating 
effect on the absorption of a quaternary compound is relatively specific for, and dependent on the 
integrity of, the phosphatido-peptide fraction, although all the constituents of this fraction have not 
been identified and tested individually here, or elsewhere,'® for this effect on absorption. 


* There was an insignificant difference between the degree of absorption of the standard and 
negative controls, but the degree of absorption in both these controls was significantly (P < 0-01) 
higher than in the pseudo-tissue controls 

* Phosphatidyl serine, phosphatidyl ethanolamine and inositol phosphatide were purchased from 
Nutritional Biochemicals Corporation, Cleveland, Ohio. Inositol-2-monophosphate, z-lecithin, 
o-phosphorylserine and phosphoryicholine were purchased from California Corporation for Bio- 
chemical Research, Los Angeles, California 
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Preliminary evidence has been obtained, in vitro, using dialysis and two-phase solvent partition 
techniques, for the formation of a complex between the phosphatido-peptide fraction and benzo- 
methamine 

In previous studies it had been shown that intestinal mucus, and polysaccharides extracted from 
mucus, inhibited the absorption of quaternary ammonium compounds.': ? While the role of phos- 
phatido-peptide in the mechanism of absorption has not been established, this is the first evidence 
that intestinal absorption of a quaternary ammonium compound can be enhanced by material 


extracted from intestinal tissue 


Department of Pharmacology and Experimental Therapeutics RutH R. Levins 
Boston University School of Medicine, Avice F. SPENCER 
Boston, Mass 
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Effect of injected estradiol on the uptake of x-aminoisobutyric acid by tissues of the 
ovariectomized rat 


(Received 28 June 1961) 


ESTROGEN treatment produces an elevation of free amino acids in the rat uterus.' The accumulation of 
an amino acid that is not metabolized to any appreciable extent, a-aminoisobutyric acid (AIB), is 


also enhanced by estrogens; thus, a few years ago, Noall and coworkers? reported a three-fold increase, 
on a wet-weight basis, in uterine AIB 20 hr after a single subcutaneous injection of estradiol. This 
report follows the uptake by the uterus and other tissues of AIB, after estrogen treatment, and extends 
the previous observations which were limited to one time period 


METHODS 


Long-Evans female rats, three weeks of age, were injected intraperitoneally with 1-25 wc (0-25 
»moles) of AIB-1-C'*. At intervals of from 0 to 30 hr before sacrifice, groups of 4 rats were anesthe- 


tized with ether and given intravenous injections of 0-1 «g of estradiol in 0-1 ml of saline, or of saline 


alone for controls. The rats were sacrificed under ether anesthesia 20 hr after the injections of AIB, 


in order that our data could be compared with that of Noall e7 a/.2 Blood was taken from the heart. 
the uteri were removed and blotted, and portions of muscle, from the hamstring mass, and of liver 


were obtained 
The 4 blood samples from cach group of rats were pooled. After clot formation, an aliquot of 
serum was mixed with 75°, ethanol to precipitate protein; the supernatant fraction was saved for the 


measurement of radioactivity. The other tissue samples were pooled in tared all-glass homogenizers 
They were weighed (to 0-1 mg) before and after drying at 75 °C for 24 hr and then were homo- 
genized in 75°, ethanol. The radioactivity in the supernatant fraction was measured in a liquid 
scintillation counter, Each vial contained 10 ml of dioxane, in which were dissolved 0-9 g of naph- 
thalene, 70 mg of 2:5-diphenyloxazole, 0-5 mg of p-bis[2-(5-phenyloxazolyl)}-benzene, and 0-15 m! 
of the supernatant materia! 
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Radioactivity for each tissue was calculated on the basis of counts/min/mg of dry weight. For serum, 
the activity was expressed as counts/min/ul of serum. The accumulation of AIB-1-C"™ by each tissue 
was then presented as a ratio, tissue to serum activity. By chromatography of the tissue extracts 
(butanol/acetic acid) all radioactive material was identified as a-aminoisobutyric acid. 


RESULTS AND DISCUSSION 

The time course of the accumulation of AIB by the uterus is presented in Fig. 1. The ratio of 
uterine to serum radioactivity is plotted against time after an intravenous injection of 0-1 yg of 
estradiol. After estrogen administration, uterine activity increased from a control ratio of 27 to a 
peak of 66 at 12 hr; a rapid decline to near control levels by 20 hr followed. 


| 

| 

|__| 

0 4 8 y i6 20 24 268 x 
After estradiol, hr 


Counts/min/mg uterus (dry weight): counts/ming| serum 


Fic. 1. The accumulation of AIB in the immature’rat uterus as a function of time after the intravenous 
injection of estradiol (0-1 «g). Each point represents the pooled tissues of 4 animals. All animals 
received intraperitoneal injections of AIB (1-25 uc) 20 hr before sacrifice. 


Studies in vitro by Noall,* using surviving uterine segments, led to similar conclusions concerning 
the rapid induction of this estrogen effect. The data are particularly interesting in that the onset of the 
accelerated transport of AIB coincides with an increased rate of incorporation of amino acids into 
protein.*: 

The effect on the uterus far exceeds that on any other tissue studied. Table | presents data for the 
levels of AIB in liver and muscle (relative to serum levels, which did not change). There was no 


TABLE |. MEAN AIB RATIOS (TISSUE : SERUM) FOR RAT LIVER AND MUSCLE. 
WITH AND WITHOUT THE INTRAVENOUS INJECTION OF 0-1 xg OF ESTRADIOL 


Experimental 


Control 4-30 hr after 
No estradiol 
estradiol 


Liver (52) 20-5 
Muscle (12) 17:83 0-7 (52) 0 


Tissue dry weights were used. All animals were given intra- 
peritoneal injections of AIB (1-25 uc) 20 hours before sacrifice 
The number of animals is given within parentheses. Data are 
expressed with their standard errors. For liver, the difference 
between control and experimental means is not significant. The 
difference between control and experimental groups for muscle 
iS significant (P < 0-001). 
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significant increase in liver to serum AIB ratios (P > 0-05); however, a significant decrease in muscle 
serum AIB(P < 0-001) occurred 

Whether the uptake of a-aminoisobutyric acid serves as a satisfactory model for the transport of all 
amino acids is unknown. It has recently been observed that its distribution is similar to that of 


glycine.* In any event, we have described a very early estrogen effect on the accumulation of this 


s-amino acid which corresponds in time with changes in distribution and metabolic fate of natural 


amino acids. Although this effect of estrogen is most pronounced in the uterus, there is a perceptible 
shift in the distribution of AIB in muscle in a direction opposite to that observed for the uterus 


icknowledgement—This study was supported by a U.S. Public Health Service Research Grant 


(RG7494) 


Department of Pharmacology, SUMNER M. KaLMan* 
Stanford University School of Medicine, JOHN R. DANIELS 
Palo Alto, California 


* Senior Post-doctoral Fellow, U.S. Public Health Service 
Pre-doctoral Trainee, U.S. Public Health Service Training Grant 2G-322 
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Potentiation of the carcinostatic action of azauridine by chloramphenicol” 


(Received 25 July 1961) 


CHLORAMPHENICOL, a well-established antibiotic agent in the chemotherapy of bacterial infections 


has also been shown to depress hematopoiesis in man.':* 


This toxic effect upon bone marrow function led to further investigation of the possible utility of 


chloramphenicol as a carcinostatic agent in the treatment of experimental*:*° and human neo- 
plasms.* Although ineffective as a carcinostatic agent in vivo, chloramphenicol inhibits the growth 


of mammalian cells in culture 


Observations made during the course of treatment with 6-azauridine (the ribonucleoside of 6- 


azauracil)” of three patients with leukemia,+ suggested that potentiation of its action by chloram- 


phenicol might have occurred when the antibiotic agent was given for the treatment of intercurrent 


bacterial infections. Preliminary studies of combinations of these compounds in the chemotherapy 


of an experimental neoplasm in mice have confirmed this impression and the results are presented 


in this communication 


METHODS 


Male DBF, hybrid mice, 6-8 weeks old and weighing 19-24 g, were used in all experiments. All 
amimals were fed powdered Purina Lab Chow, with and without chloramphenicol? added in 


concentrations ranging from 0-5 to 2-0 per cent. Azauridine$ was added to the drinking water of 


* This investigation was supported, in part, by a research grant (CY-2817) from the National! 
Cancer Institute, U.S. Public Health Service 

+S. S. Cardoso 

; Generously supplied by Parke, Davis and Company 


§ Provided through the Cancer Chemotherapy National Service Center of the U.S. Public Health 
Service (Bethesda, Maryland) 
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appropriate groups of animals in concentrations ranging from 0-15 to 0-5 mg per ml and was available 
ad libitum. Transmission of the L5178Y leukemia was made by removing, from a freshly sacrificed 
donor mouse, | ml! of ascites fluid and immediately transferring this to a test tube containing 9 ml 
of culture medium;* of this dilution of ascitic fluid, 0-1 ml, containing 1:5-3-0 « 10® viable leukemia 
cells, was injected subcutaneously into the right flank of each mouse, in order to produce a solid 
neoplasm. In all the experiments the recipient mice were inoculated with the leukemic cells within 
15 min after the withdrawal of the latter from the donor mouse Treatment with azauridine and 
chloramphenicol was always begun 24 hr after the subcutaneous inoculation of the neoplastic cells 
into individually weighed mice. On the day following the final dosage of either azauridine or chloram- 
Phenicol, or of both agents, each mouse was weighed, sacrificed, and its tumor was removed and 
weighed. The average weight of the tumors in each treated group was compared with that of the 
controls, and the results were recorded in terms of percentage inhibition of neoplastic growth 

For experiments in vitro, L5178 cells were grown in culture. as described by Fischer e7 a/.!. in 
the presence or absence of various concentrations of chloramphenicol 


RESULTS AND DISCUSSION 


In the studies of the effect of chloramphenicol upon the growth of the LS178Y cells in vitro. con- 
centrations of the antibiotic agent of 10-100 #g per ml of tissue culture medium inhibited the rate 
of cellular reproduction: the concentration required for 50 per cent inhibition of growth was 10ug 
per ml of tissue culture medium 

In contrast to these resu!ts with chloramphenicol in culture. even high doses of the antibiotic agent, 
when tested for activity with respect to the inhibition of the growth of the lymphoblasts growing as a 
solid tumor in mice, caused only moderate carcinostasis (Table 1). However, in combination with 
azauridine, chloramphenicol, in doses w hich by themselves caused no inhibition of growth, potentiated 
the carcinostatic effect of azauridine ( lable 1). Achromycin, an antibiotic w ith a similar spectrum of 
antibacterial activity to that of chloramphenicol, failed to increase significantly the inhibition of 
tumor growth obtained with azauridine alone (Table 1) 


Taste |. Errecrs oF azat RIDINE, CHLORAMPHENICOL AND ACHROMYCIN ON THE GROWTH Of 
LYMPHONAS (LSI78Y) InN mict 


Change in Average tumor Imhibition of 
Treatment* body weight, g Mortality weight, mg tumor weight 
( per cent 
Controls 2-0 0/10 363 17-7 
CAP, 0-5°. 0:5 0/10 326 24:7 10 
CAP, 1-0°, 2-0 0/10 200 23-8 45 
Achromycin, 1|-0°, 0-5 0/10 276 24-4 25 
AzUR, 0:25 mg/ml 0-5 0/10 137 18-8 62 
AzUR, 0:25 mg/ml, 
achromycin, 1-0°, 3-0 0/10 121 16-2 66 
AzUR, 0-25 mg/ml. 
CAP, 0-:5% 40 0/10 58 8:7 84 
Controls 20 0/20 242 18-6 
CAP, 0:5°, 0/20 277 20-2 0 
AZUR, 0-15 mg/ml 0-7 0/20 174 16:1 29 
AzUR, 0-15 mg/ml, 
CAP, 05°, 1-4 0/20 79 10-2 67 


* For chloramphenicol (CAP) and achromycin, the concentrations given refer to the percentage 
of the antibiotic agent in the diet. for azauridine (AZUR), the concentrations given refer to those 
administered in the drinking water 

* AZUR vs. AZUR - CAP: P 0-001 

+ AZUR vs. AZUR CAP: P < 0-001 
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The mechanism by which chloramphenicol potentiates the effects of azauridine has not yet been 
established. It is known that azauridine, after its intracellular enzymic conversion to azauridine 
5'-phosphate, acts as a competitive inhibitor of orotidylic acid decarboxylase, in this manner inter- 
fering with the biosynthesis of pyrimidines de novo."'+ '* Evidence has been presented that, in bacteria. 
chloramphenicol may exert an inhibitory effect primarily upon protein synthesis;'*: '* however, it 
has not been shown that this antibiotic agent can produce a similar effect in mammalian cells. On the 
other hand, as demonstrated in this laboratory'® and elsewhere by Fallon er a/..* the rate of con- 
version of orotic acid, via orotidylic acid, to uridine nucleotides by isolated leukemic cells from 
patients treated with azauridine is generally inhibited at first; subsequently, however, the magnitude 
of these conversions in increased to levels close to or above those found in cells obtained before 
treatment with azauridine. This increased enzymic activity may reflect the presence in the cells of 
higher levels of the enzyme orotidylic acid decarboxylase."* If these assumptions are correct, chloram- 
phenicol may suppress this attempt on the part of the cells to compensate for the inhibition by azauri- 
dine S’-phosphate of the decarboxylation of orotidylic acid. through the formation of additional 
orotidylic acid decarboxylase, and perhaps of enzymes concerned with earlier steps in the pathway 
of pyrimidine biosynthesis de novo 

Regardless of the mechanism involved, the potentiation of the carcinostatic effect of azauridine by 
chloramphenicol suggests that controlled studies should be carried out with combinations of these 
two drugs in the treatment of human neoplastic disease Although the data obtained in mice with this 
combination show that chloramphenicol increases the toxicity of azauridine for the host, the situation 
may not be comparable to that which obtains in man, since treatment with azauridine of approxi- 
mately 50 patients has not disclosed any appreciable toxicity, while in many cases it has favorably 
influenced the course of certain types of acute leukemia.* In fact. azauridine is a unique agent in 
man, since even massive doses have failed thus far to inhibit normal hematopoiesis,+ a situation 
in marked contrast to that which obtains with other anti-cancer agents, or, indeed, with azauridine 
in such mammalian species as the dog." 

In conclusion, evidence has been presented to indicate that chloramphenicol potentiates the car- 
cimostatic effect of azauridine upon LS178Y cells, when grown as lymphomas in mice, as well as the 
toxicity of azauridine for this host. A possible mechanism by which this potentiation is achieved 
has been discussed, and the use of chloramphenicol in combination with azauridine in the treatment 
of neoplastic disease in man is suggested Although the increased potency of the combination of 
azauridine and chloramphenicol engenders greater host-toxicity in mice, selectivity of action might 
be obtained in man, since azauridine by itself has evoked no significant toxicity in leukemic patients 
in whom the drug has caused unequivocal evidence of objective improvement 


Department of Pharmacology S. S. Carposo! 
Yale University School of Medicine J. J. Jarre’ 
New Haven 11, Connect 


* Personal communication 


These studies, carried out by groups at Yale, the National Cancer Institute, and the Roswell 
Park Memorial Institute, have been summarized. in part’. '* and full papers describing these clinical 
investigations are in preparation 

Postdoctoral support for S. S. Cardoso was provided by a Research Training Grant (CRTY- 
5012) from the National Cancer Institute, U.S. Public Health Service 

$ Present address: Department of Pharmacology, University of Vermont ollege of Medicine, 
Burlington, Vermont 
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BOOK REVIEWS 


Insulin. FG. Younc (Editor). British Medical Bulletin 16, No. 3, 1960. The British Council, London. 
pp. 175-264. 20s 


Tris number brings together an excellent collection of reviews on insulin and related topics. After 


in introduction in wi Young summarizes the scope of the number with comment on some 
significant advances in the different fields, Best gives a fascinating glimpse of the history of the carly 
work on insulin. A lucid account of the determination of the structure of ox insulin is given by 
Sanger, who follows thes by listing the species differences so far known, and these lead to discussion 


of the rel 
with an article by Harris on the chemistry and the relations between structure and function of the 


ition of structure with activity. An unexpected and good editorial choice was to follow this 


other polypeptide hormones. This review was late enough to mention vasotocin, the third hormone of 
the oxytocin-vasopressin group, recently found in birds, amphibia and fish 

Turning to more bi« cal aspects of insulin, its bioassay and catabolism are dealt with in articles by 
Stewart and Kenny. Randle and Taylor survey the measurement of insulin in blood and the forms it 
may have there, Vallance-Owen reviews insulin antagonists and Wright insulin anti-bodies. Between 
them these three articles g 1 remarkably disentangled account of a field where confusion arises easily 

In reviewing the act of insulin on carbohydrate metabolism, Fisher's power of destructive 
criticism 1s beautiful upplied in leading up to the later article by Randle and Young on the 
mechanism of insulir ction, and he concludes “that if it be true that the major action of insulin 
in relation to carbohydrate metabolism ts to regulate the access of glucose to peripheral cells, then in 
the biochemical sens nay well have no action at all on carbohydrate metabolism”. Fotvtey and 
Greenbaum fo'low with “Insulin and the metabolism of fatty acids”. The reader is given no warning 
that catabolism ts omitted, and their excellent review concerns only biosynthesis. They have just had 
time to add in a footnot e discovery of a specific lesion in diabetes, the low activity of the enzyme 
that reduces unsaturated acy! CoA derivatives in mitochondria and microsomes, thus suggesting the 
point of interference fatty acid synthesis. Since this, however, the position has become more 
complex by the finding (Gibson and Hubbard, Biochem. Biophys. Res. Comm. 3, 531, 1960) that the 
soluble system that uses ony! CoA for fatty acid synthesis, and which may by present evidence 
be a single enzyme pecifically lowered in diabetes. Folley and Greenbaum tell clearly the 
exciting demonstration by Chaikofl and coworkers that the block in biosynthesis is only secondary 
to the derangement of bohydrate metabolism in diabetes and can be repaired without insulin 
Korner and Manchest resent the evidence that insulin affects protein synthesis, that the limiting 
step in thes synthes flected by unsulin ts at the level of the ribosomes and that such effects cannot be 
utinmbuted to chane ¢ rate at which cells take in amino acids. Randle and Young end this 
section with a review he mechanism of action of insulin. The development of the permeability 
theory 1s an exciting und thes they bring out well 

The final section is re clinica Russell Fraser describes the relations of diabetes with other 
endocrine disorders and the use of some diagnostic tests, Oakley concisely deals with the actual use 
of mesulim and its var preparations. Finally other hypoglycaemic substances are considered. It 
seems a pity that Mahler been given their “chemistry” to discuss, since the only relevant chemistry 
that can be given 1s a inst of their structural formulac, and although there is a brief statement at the 
end of cach section to sa yw little is Known of the mode of action of the group described, something 
i hitthe fuller on their be gy might lead better to the article by Nabarro on their clinical effectiveness 

A much greater failure in the dovetailing of the articles is the omission of any serious discussion of 
diabetic ketosis and its se. Did it not fit under either fat metabolism or carbohydrate metabolism ” 
Certamly it has been re nily reviewed (Krebs, Pro Rov. Soc Wed. 53. 71 1960): why not here 
too? It deserves the thought of those concerned with the metabolic action of insulin 


Once again, the British Medical Bulletin has published an issue that gives an excellent account of a 
held of study and cor es a brief and readable form with a wealth of informa.ion. Besides insulin 


itself, a couple of fascinating tangents to its study have been followed up 


H. B. F. Dixon 
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Hypothermia and the Effects of Cold. Edited by S. Parkes. British Medical! Bulletin. Vol. 17, No. 1. 
January, 1961, 20s 


THe ability of the hibernating animal to withstand low body temperatures has been of academic 
interest for many years. It was believed that these animals were the only mammals who could tolerate 
wide changes in body temperature. However, it has now been shown that when they are not hiber- 
nating, these animals tolerate changes no better than the non-hibernators. At the same time, as 
advances in the knowledge of the causes and effects of hibernation have been made, the needs of 


surgery have stimulated research in temperature control and variation in homeothermic animals and 


man. Studies in the acclimatization of animals and man to continued cold exposure were also 


stimulated by the needs of war and post-war exploration. The findings of all these fields of research 
have probably much to offer each other. This British Medical Bulletin publication affords a compre- 


hensive introduction of one field to the other 
The papers cover a wide range of interests from the resistance of poikilotherms to cold and a 


general review of hibernation in birds and mammals to particular aspects of body systems and 


functions during hypotherm’a and the sensitivity of hypothermic animals to radiation. The papers are 
in general eminently readable and notably well documented. The papers on the hypothermic techniques 


used in medicines are very detailed, but it would have been useful to have had a fuller discussion of 
the variations used in different centres and of the merits of one technique compared with another 
Also, perhaps, an article on very deep hypothermia when body temperatures are reduced to approx- 


imately 0 ‘C would have completed the picture 
For surgeons and anaesthetists who are concerned with the use of hypothermia in clinical work 


and in improved cardiac surgery, this Bulletin provides a comprehensive and up to date introduction 


to the work of academic biologists and physiologists in the general fields of hibernation and cold 
acclimatization. At the same time, it provides for these latter, an introduction to the latest develop- 


ments in the beautiful and refined techniques of the surgeon in using rapidly induced local or general 


hypothermia. In short, it maintains the usual high standard of British Medical Bulletins 


HORNSEY 


SHIRLEY 


Steric Aspects of the Chemistry and Biochemistry of Natural Products.( Biochemical Society Symposium 
No. 19). Edited by J. K. Grant and W. Kiyne. Cambridge University Press, 1960. 137 pp. Paper 
edition 20s: cloth edition 30s 


THe papers collected in this publication were read at a Symposium held in London in June 1960 


The first contribution by Klyne discusses recent techniques in the study of relative and absolute 


configurations of asymmetric compounds including the use of asymmetric synthesis, X-ray crystallo- 


graphic, and rotary dispersion techniques. In his account of the steric aspects of the biosynthesis of 


terpenes and steroids Arigoni deals with the configurational consequences of the synchronized 


cyclization processes which lead to the formation of complex alicyclic systems from aliphatic pre- 


cursors. Barlow's account of the steric aspects of drug action deals mainly with developments among 


substances which mimic or antagonise the action of acetylcholine. The fascinating story of the im- 


portance of the cis-trans isomerisation of retinene in the visual process is very fully recounted by 


Pitt and Martin. The simple concluding statement that “it is because retinene is isomerised by light 


that we can see” emphasises the fundamental! nature of this study. The last three chapters deal with 


steric factors in enzyme action. Webb, discussing hydrolytic enzymes, emphasises the importance of 


considering the bonding and catalytic processes as separate phases of enzyme action. Slater presents 


an interesting account of the stereo-specificity of hydrogen transfer in reactions of pyridine nucleotide 


dehydrogenases. Finally Barker reviews the stereochemical specificity of certain enzymes involved in 


nucleotide metabolism 
The afternoon chairman's remarks about the astonishing prodigality of Nature in providing so many 


highly specific biocatalysts raises a point which has troubled others too. His hint that the enzymic 


properties may be more concerned with the configuration of a protein than with its absolute chemical 


composition may help to reconcile those who find it difficult to believe that Nature could be so 


uneconomic 


W. J. Ross 
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Adrenergic Mechanisms (Ciba Foundation Symposium Jointly with Committee for Symposia on 
Drug Action). J. R. Vane, G. E. W. Wotstennioime and Marve O'Connor, (Editors) 1960. J. and A 


Churchill Ltd., London. pp. 632, 70s 


AN EXCELLENT symposium, very well edited. It is a rare pleasure for those who have in some way 


taken part in this symposium to find correctly placed and expressed their opinions and suggestions 
besides the experimental facts. Very complete and carefully computed indexes of authors and of 
he usefulness of this book because it becomes easy to find what are the most 
rious interpretations in any of the numerous fields covered by the general 
of the catecholamines, their fate in the mammalian 


subjects much increase 
recent facts and ther 


term of adrenergic mechanisms: synthesis 
of chromaffin cells, the storage of amines in peculiar granules both in 


adrenal medulla cells and postganglionic adrenergic fibres, the release of catecholamines by nerve 


organism, the distribut 


the possible interference with the synthesis and the release of the trans- 


stumulation or chemicals 
inactivation, (catechol 


recently discovered inhibitors of catecholamine 
pyrogallol), of TM 10, of Bretylium were much discussed. So was the relationship between structure 
and activity of amines and their antagonists. Much time was also devoted to the mode of action of 
two various types of receptors (¢ and 8) the existence of which, postulated by 


mitter. The actions 


catecholamines on the 
the pharmacologists, begins to interest the biochemists 
The action of sympathomimetic amines not bearing a catechol! nucleus was given as much careful 


attention as the effects of amines, of their antagonists and metabolic inhibitors on the central nervous 
system, and in man 
It seems that during this symposium not a single stone remained unturned; even the history was 


very pleasantly presented by Sir Henry Dale who has devoted so much time fifty years ago to give a 


firm basis to our understanding of the actions of amines 
Thus, let us congratulate Doctor Vane and the British Pharmacological Society, Doctor Wolsten- 


holme and the Ciba Foundation. It would be difficult indeed to surpass their standard 


M 
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E. H. Mercer and M. S. C. Brearck: Electron Microscopy—a Handbook for Biologists. Blackwell, 


Oxford, 1961, pp vi 76, 9/6d 


BroLocists form the great majority of those using or wishing to use the electron microscope. Many 
are daunted by its complexity and retire, feeling that the preparative procedures must be equally 
This smal! bench handbook, prepared by two of the most experienced biological electron 


complex 
fills a much-needed gap between the standard physical textbooks on the 


microscopists in Britain 
subject (most of which are completely out-of-date as far as biological procedures are concerned) and 


the admirable textbook of histological procedures by Pease, which is not intended for the beginner 
The book is clear, concise and a veritable mine of “know-how”, some of which has not previously 
been published. The recipes are set out in practical form in an appendix, a basic bibliography ts 
included and the index is excellent. The body of the book explains the reasons behind the recipes 
(where these are known), enabling those who wish to do so to vary the procedures to suit their own 
material. | hope it will find a place in every biological laboratory, for, to quote from the preface to 
the book, * were biologists to adopt more generally the practice of preparing their material up 
to the point where it is ready for the microscope, they would have little difficulty in persuading 
microscopists to look at it”. How heartily do I echo this sentiment! 
The only criticism | have to offer concerns the paper-back format 
doubtless be very well thumbed in any working laboratory, and I feel that it deserves a hard cover, 


Such a useful cook-book will 


or a solvent-proof plastic one 


G. A. Meek 
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